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  Diet-induced obesity and its related metabolic diseases including type 2 diabetes are 
public health concern. While the major function of white adipose tissue (WAT) is to store 
excess energy as fat, that of brown adipose tissue (BAT) is to dissipate extra energy as 
heat, suggesting that activating BAT function may be an effective therapy for treating 
obesity and its related metabolic diseases. Epigenetic modification including histone 
methylation, histone acetylation and DNA methylation is associated with energy 
homeostasis. However, the epigenetic modification contributing to BAT reprogramming 
in high fat diet (HFD)-induced obesity is not known. Here, we found that histone 
deacetylase 1 (HDAC1) negatively regulated thermogenic program in brown adipocytes 
through regulation of histone H3 lysine 27 deacetylation and methylation. In addition, we 
found that HFD induced the reprogramming of brown adipocyte by down-regulating 
ii 
 
BAT-specific, whereas up-regulating skeletal muscle-specific gene expression program. 
Remarkably, we found that knockdown of histone demethylase UTX or DNA 
methyltransferase DNMT1 mimics HFD-induced brown fat remodeling, leading to BAT 
dysfunction. In addition, mice with brown fat specific deletion of UTX or DNMT1 
displayed obesity and insulin resistance. Mechanistically, we found that UTX promoted 
brown fat thermogenic gene expression including PRDM16, which then recruited DNA 
methyltransferase DNMT1 to the promoter of Myod1, an important transcriptional factor 
for skeletal muscle cell development. DNMT1 increased methylation levels of Myod1 and 
inhibited its gene transcription in brown adipose tissue. Thus, this pathway is important 
in maintaining brown adipocyte function; disrupting this pathway in HFD results in 
reprogramming of brown adipocytes into skeletal muscle-like cells, which contributes to 
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1  GENERAL INTRODUCTION 
1.1 Obesity disease and energy hemostasis 
  Obesity is considered as a severe health issue, reducing life expectancy and leading to 
various metabolic diseases including type 2 diabetes, dyslipidemia, hypertension and 
other cardiovascular diseases, and certain types of cancer. Two-thirds of United States 
adults are obese, and the incidence of obesity continues to grow (Kraschnewski et al., 
2010). Approximately $147 billion is spent to prevent obesity and cure obesity-related 
diseases in the United States (Couzin-Franke, 2012). It is very urgent to study and 
control obesity. The persistent imbalance between energy intake and energy 
expenditure is the cause of obesity (Hill et al., 2012). Thus, understanding mechanisms 
regulating energy balance can help develop strategies to prevent or treat obesity. High 
fat diet (HFD) induces obesity and insulin resistance. Recent studies link HFD and 
metabolic disorders including adipose inflammation, hepatic steatosis, heart 
dysfunction, muscle atrophy (Birse et al., 2010, Fu et al., 2015a, Gao et al., 2018, Onishi 
et al., 2018). However, brown adipose tissue (BAT) function during HFD feeding is not 
well-studied. BAT consumes energy for thermogenesis due to activation of uncoupling 
protein 1 (UCP1) in the inner mitochondrial membrane (Cannon and Nedergaard, 
2004). It is well known now that BAT is a thermogenic organ not only in rodents and 
human infants but also in adult humans in response to mild cold exposure (Cypess et 
al., 2009, van Marken Lichtenbelt et al., 2009, Enerback, 2010, Cypess et al., 2013). 
The activation of brown fat is positively associated with energy expenditure and 




of brown adipocytes in humans is a promising strategy for the treatment 
of obesity and its related metabolic diseases. 
1.2 Brown adipocyte activation  
  There are two types of brown adipocytes: classical brown adipocytes in BAT and 
beige/brite adipocytes (brown adipocyte-like) in WAT induced by cold exposure or β3 
adrenergic stimulation in rodents (Harms and Seale, 2013, Shabalina et al., 2013). The 
thermogenic capacity of brown adipocyte is dependent on its unique expression of 
UCP1, which dissipates proton electrochemical gradient generated by combustion of 
fatty acids in the form of heat. Cold exposure or high fat diet (HFD) triggers 
sympathetic neurons to release neurotransmitter norepinephrine (NE) (Rothwell and 
Stock, 1979, Puigserver et al., 1998, Feldmann et al., 2009, Sanchez-Gurmaches et al., 
2018). NE activates β3 adrenoreceptor signaling pathway via cAMP formation, protein 
kinase A (PKA) activation. On the one hand, activated PKA phosphorylates lipases 
such as hormone sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) to 
break down triglycerides (TG) into free fatty acids (FFAs) (Schreiber et al., 2017). 
Interestingly, recent studies demonstrate that lipolysis in white adipose tissue (WAT) 
not BAT is essential for cold-induced brown fat thermogenesis (Schreiber et al., 2017, 
Shin et al., 2017). FFAs released from WAT or from diet (HFD) are delivered to BAT 
and served as fuel and activate UCP1. On the other hand, activated PKA 
phosphorylates transcription factor cAMP response element-binding protein (CREB) 
to promote UCP1 gene expression in brown adipocytes. This transcriptional control 




proximal promoter region (immediately upstream of transcription start site) and 
enhancer region (about 2.5 kb upstream of transcription start site). The proximal 
region contains a cAMP response element (CRE) which is a binding site for CRE-
binding protein (CREB), and CCAAT-enhancer-binding protein binding site (C/EBP), 
the binding site for C/EBPs (such as CEBPα and CEBPβ). The enhancer region of UCP1 
promoter regulates tissue-specific expression of UCP1. Except for CRE, UCP1 
promoters also contain retinoic acid response element (RARE) that binds retinoic acid, 
thyroid receptor element (TRE) that binds thyroid hormone, and peroxisome 
proliferator-activated receptor response element (PPRE) that binds PPARα, PPARγ 
and PPARγ co-activator 1-alpha (PGC1α) (Kozak et al., 1994, Villarroya et al., 2017). 
Other transcription factors are also essential for cAMP-mediated induction of UCP1 
gene such as PR-domain containing protein 16 (PRDM16), which induces UCP1 gene 
expression through interacting with CEBPβ, PPARα, PPARγ and PGC1α (Seale et al., 
2007). In conclusion, transcriptional control of UCP1 gene is an essential point in the 
process of brown adipocyte thermogenesis. 
1.3 Epigenetic modification regulates brown adipocyte thermogenesis  
  Except for transcription factor of brown thermogenesis mentioned above, epigenetic 
modifications have also emerged as important mechanisms regulating brown 
adipocyte function (Inagaki et al., 2016). Although all cell types share the same genome, 
epigenetic modification (including DNA methylation and histone modification) results 
in phenotypic variability correlating with human diseases which is without change of 




influencing chromatin structure, making it more or less “compact” to transcriptional 
machinery (Maunakea et al., 2010, Bannister and Kouzarides, 2011). Recent evidence 
suggests that epigenetic modification has emerged as an important link between 
environmental factors and obesity (Wang et al., 2013a, Rosen, 2016, You et al., 2017).  
  Abnormal DNA methylation is associated with complex diseases such as obesity. Un-
methylation of gene promoters facilitates access of transcriptional factors to 
underlying gene promoters. For example, UCP1 transcription is regulated by alteration 
of DNA methylation status in its promoter regions (Shore et al., 2010). DNA 
methylation is catalyzed by DNA methyltransferases including DNMT3A, DNMT3B, 
and DNMT1. While DNA demethylation is regulated by ten-eleven translocation 
methylcytosine dioxygenases (TETs) including TET1, TET2, and TET3, which, in a 
series of oxidation steps, convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine 
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5-fC and 5-caC can 
then be converted back to the unmethylated cytosine (Wu and Zhang, 2014). Recent 
studies indicate the role of DNA methylation in adipocyte development by using DNA 
methyltransferase inhibitor, 5-aza-2'-deoxycytidine (5azadC) (Chen et al., 2016a, You 
et al., 2017). DNMT1 silencing accelerates adipocyte differentiation (Londono Gentile 
et al., 2013).Adipocyte DNMT3A knockout attenuates diet-induced insulin resistance 
(You et al., 2017). Diet induces DNMT3b expression, leading to DNA methylation at 
the PPARγ1 promoter, which may contribute to insulin resistance in obese mice (Yang 
et al., 2014). However, the role of DNMTs in the regulation of brown adipocyte 




  The major histone modifications include histone acetylation and histone methylation. 
Histone acetylation is enriched at enhancer elements and promoter regions near 
transcriptional start site in genes, where they facilitate the transcriptional factor access. 
Histone methylation regulates either gene activation or repression depending on 
which residues are modified and on the degree of methylation.  For example, the 
histone H3 Lys-9 demethylase KDM3A directly regulates UCP1 expression, and 
genetic deletion of KDM3A in mice results in obesity (Tateishi et al., 2009, Okada et 
al., 2010). The histone deacetylase HDAC3 promotors brown fat-specific gene 
expression including UCP1 and regulates brown thermogenesis in response to cold 
exposure (Emmett et al., 2017). These findings indicate how some epigenetic 
modification enzymes influence UCP1 gene expression and metabolic diseases such as 
obesity, but our knowledge is far from complete. 
1.4 Specific aims of the dissertation 
  The overarching hypothesis is that epigenetic modification in brown adipocytes 
regulates energy homeostasis and obesity development. We down-regulated specific 
epigenetic enzymes in brown adipocytes by using siRNA in cultured brown adipocyte 
cell lines in vitro (BAT1/HIB-1B) and using Cre/loxP recombination to specifically 
disrupt endogenous epigenetic enzymes in mouse brown adipocytes in vivo (UCP1-
Cre), which allows us to study in depth the role of epigenetic modification in brown 
thermogenesis and whole body energy homeostasis under over-nutrition or cold stress 
condition. DNA methylation, histone deacetylation, methylation of histone H3 at 




to a repressed chromatin state. Therefore, this dissertation is organized into three 
principal Specific Aims (SAs) that focus on answering the following questions: 
  SA1: What is the function of Histone Deacetylase 1 (HDAC1) in regulating 
thermogenic program in brown adipocytes? Recent studies report that pan 
inhibitors of HDACs attenuate high-fat diet-induced insulin resistance. It is classⅠ
HDACs inhibitor, not classⅡ HDACs inhibitor that facilitates mitochondrial 
biogenesis in skeletal muscle and adipose tissues (Galmozzi et al., 2013), suggesting 
that individual HDACs may play different roles in metabolism and energy homeostasis. 
However, little is known about the role of individual HDACs in brown thermogenic 
program. To test it, we separately deleted distinct family members of HDACs in 
immortalized brown adipocytes (HIB-1B cells) by siRNA. Interestingly, the most 
dramatically increased level of UCP1 expression was observed in brown adipocytes 
with HDAC1 deletion (Fig. 1A). This promoted us to investigate the role of HDAC1 in 
brown thermogenic program. Therefore, the hypothesis for SA1 is that HDAC1 
negatively regulates brown adipocyte thermogenic program. It is tested by two 
following sub-aims: Aim 1.1. How does HDAC1 regulate brown adipocyte 
thermogenic program? The experiments in Aim 1.1 studied the role of HDAC1 in brown 
adipocyte thermogenesis. We first measured the HDAC1 expression pattern in brown 
and white adipocytes and its expression during brown adipocyte differentiation and β 
adrenergic stimulation. Then, we used loss- or gain- function approaches to measure 
whether HDAC1 deficiency or overexpression affects brown thermogenic gene 




HDAC1 regulating brown adipocyte thermogenesis? Considering HDAC1 regulates 
histone modification, we tested the histone acetylation and methylation in UCP1 and 
PGC1α prom0ters.    
  SA2: Does DNA methyltransferase 1 (DNMT1) mediate brown fat 
reprogramming and regulate whole-body energy homeostasis in HFD-
induced obesity? DNA methylation status is also associated with gene 
transcriptional repression which plays important roles in cell differentiation. DNA 
methylation biphasically regulates white adipocyte differentiation, promoting 
adipocyte differentiation at the early stage whereas inhibiting lipogenesis at the late 
stage (Yang et al., 2016). Pharmacological inhibition of DNA methylation switches 
white adipogenesis to osteoblastogenesis by activating Wnt10a (Chen et al., 2016a). 
DNA methyltransferase 1 (DNMT1) is a major enzyme for maintenance of DNA 
methylation (Ko et al., 2005). Deletion of DNMT1 results in global demethylation (Ko 
et al., 2005, Elliott et al., 2015). DNA methylation is a reversible and dynamic process 
responding to the changes in nutrient status and physical stimuli which affect systemic 
energy homeostasis (Ko et al., 2005). DNMT1 gene expression in white adipocytes is 
upregulated in db/db mice, and wild-type mice fed high-fat diet (Kim et al., 2015). 
Moreover, DNMT1 gene expression in human white adipocytes positively correlates 
with body mass index (Sharma et al., 2015). These findings suggest that DNMT1 may 
play a crucial role in adipocyte differentiation. However, there is no study to identify 
the role of DNMT1 in the regulation of brown adipocyte development and activity. In 




specific gene expression including UCP1 and PRDM16, and increased myogenic gene 
expression including myogenic differentiation 1 (Myod1), myosin heavy chain 1 (Myh1), 
and myogenin (Myog). DNMT1 also play important roles in myogenesis (Wang et al., 
2015). Ectopic expression of DNMT1 represses, whereas inhibition of DNMT1 
promotes myogenic differentiation in myoblast cells. Therefore, the hypothesis for 
SA2 is that brown adipocyte-specific deletion of DNMT1 reprograms brown fat to a 
muscle-like phenotype, reduces brown fat thermogenic function and results in obesity. 
It is addressed by several sub-aims: Aim 2.1. Does brown fat DNMT1 deletion 
reprograms brown fat to a muscle-like phenotype? In our experiment, we used 
Cre/loxp recombination technology to achieve brown adipose tissue-specific gene 
ablation by crossing the DNMT1f/f mice with mice that express Causes Recombination 
or Cyclization recombination (Cre) recombinase under the control of UCP1 promoter 
(DNMT1f/f-UCP1-Cre+/-). The DNMT1f/f mouse was generated by inserting two loxp 
sites on both sides of exon 4-5 of DNMT1 (Jackson-Grusby et al., 2001). Cre gene 
encodes a DNA recombinase, which can recognize 34-bp loxp sites and catalyze 
recombination between two loxp sites. UCP1 is a BAT-specific marker. Using DNMT1 
knockout (KO) mice, we can specifically disrupt endogenous DNMT1 in brown adipose 
tissues. DNMT1f/f mice are served as control. We measured myogenic and brown 
thermogenic gene expression in Brown adipose tissues (BATs) from DNMT1 knockout 
(KO) mice and control mice. Aim 2.2. Does brown fat DNMT1 deletion results in the 
impairment of cold-induced thermogenesis? BAT is a thermogenic tissue that can be 




discharge, leading to the release of norepinephrine (NE) in BATs (Vitali et al., 2012). 
Through targeting adrenergic receptors, NE facilitates thermogenesis in brown 
adipocytes (Cannon and Nedergaard, 2004). Cold-induced BAT activity is also 
observed in adult humans (Cypess et al., 2012, van der Lans et al., 2013). In adult 
humans, mild cold exposure induces brown adipocyte metabolism without affecting 
sympathetic activity in other tissues (Cypess et al., 2012). Activated BAT might be a 
potential target to counterbalance obesity. Thus, this experiment is to investigate 
whether BAT-specific DNMT1 KO affects cold-induced brown thermogenesis. Body 
temperature and gene expression in fat tissues were measured during cold exposure 
in DNMT1 KO and CONTROL mice. Aim 2.3. Does brown fat DNMT1 deletion results 
in obesity and metabolic disorders? Mice (both male and female) underwent 
phenotypic characterizations including body weight, body composition, food intake, 
metabolic phenotypes and glucose metabolism. Phenotyping was performed as follows. 
1) Mice Body weight was weekly measured. 2) Body composition was measured by 
using Bruker Minispec NMR Body Composition Analyzer (Bruker BioSpin 
Corporation; Billerica, MA). 3) Food intake was measured over seven consecutive days. 
4) Metabolic Phenotyping was performed in the TSE Comprehensive Laboratory 
Animal Monitoring System over seven consecutive days. 5) Glucose tolerance testing 
(GTT) and insulin tolerance testing (ITT) were performed. 6) At the end of diet 
treatment, mice were euthanized, and brown and white adipose tissues were collected 
for measuring the expression of thermogenic genes. Aim 2.4. Does DNMT1 regulate 




experiments, we found that brown fat deletion of DNMT1 upregulated expression of 
Myod1, which indicates that Myod1 might be the direct target of DNMT1. We first 
measured the binding of DNMT1 and methylation levels in Myod1 promoters. We then 
double knockdown (KD) DNMT1 and Myod1 to test whether Myod1 KD reverses 
DNMT1 KD-induced decreases in brown thermogenic genes and increases in myogenic 
genes. Third, we used CRISPR-dCas9-based tools to specifically target Myod1 
promoter methylation.  
  SA3: Does lysine demethylase 6A (UTX) mediate brown fat reprograming 
and regulate whole-body energy homeostasis in HFD-induced obesity? 
DNA methylation cooperates with histone methylation (Kiskinis et al., 2007, Li et al., 
2015). To identify functional epigenetic enzymes that regulate brown thermogenesis 
activity, we deleted most enzymes that regulate histone methylation including histone 
methyltransferases and histone demethylases in cultured mature brown adipocytes 
(BAT1). We then isolated RNA and measured UCP1 gene expression. We found some 
enzymes that influence UCP1 gene expression in BAT1 cells, one of which is lysine 
demethylase 6A (KDM6A, is also known as UTX). UTX deletion decreases brown 
thermogenic gene expression in cultured mature brown adipocytes (Zha et al., 2015, 
Zha et al., 2016). Therefore, our hypothesis for SA3 is that BAT-specific UTX KO 
reprograms brown fat to a muscle-like phenotype, decreases brown thermogenesis and 
leads to diet-induced obesity. It is addressed by several sub-aims: Aim3.1. Does BAT-
specific UTX deletion reprogram brown fat to a muscle-like phenotype and reduces 




UTX, we crossed UTXf/f mice (Welstead et al., 2012) to UCP1-Cre mice (UTXf/f-
UCP1-Cre+/-) mice and used UTXf/f mice as controls in our experiments. We 
measured myogenic and brown thermogenic gene expression in Brown adipose tissues 
(BATs) from UTX knockout (KO) mice and CONTROL mice. Aim3.2. Does BAT-
specific UTX deletion impair cold-induced thermogenesis? Cold exposure induces 
brown thermogenesis which allows the body to defend cold. We explored the effect of 
UTX on the thermogenic activity of brown adipose tissues in response to cold exposure. 
We measured body temperature and myogenic- and thermogenic gene expression in 
BATs from UTX KO and CONTROL mice during cold exposure. Aim3.3. Are mice 
with BAT-specific UTX deletion prone to diet-induced obesity and metabolic disorders? 
Obesity has been identified as a disease, which increases the healthcare burden and 
decreases life expectancy (Couzin-Franke, 2012). Given the complexity and long-term 
process of obesity, it is difficult to understand the exact mechanism of obesity in 
humans. HFD-induced obesity in mice mimics the pathophysiological change of 
obesity in humans. The mouse model of HFD-induced obesity is a good tool for 
studying the development of obesity. In the past thirty years, many studies have 
identified metabolic derangements in mice fed high-fat diet (Storlien et al., 1986, Luo 
et al., 2018). Our study is to further investigate whether BAT-specific UTX deficiency 
prevents brown thermogenesis and promotes HFD-induced obesity. UTX KO and 
CONTROL mice were fed high-fat diet (60 kcar% fat diet) or chow diet (10 kcar% fat 
diet). Phenotypic characterizations including body weight, body composition, food 




SA2. Aim3.4. What is the molecular mechanism underlying UTX regulating 
muscle/BAT programming? Considering UTX is H3K27me3 demethylase, we 
measured the enrichment of H3K27me3 in brown thermogenic gene promoters such 
as UCP1 and PRDM16. It is reported that PRDM16 promotes Myod1 promoter 
methylation and repression Myod1 gene transcription (Li et al., 2015). However, the 
molecular mechanism of PRDM16 regulating Myod1 promoter methylation is 
unknown. We measured whether PRDM16 recruits DNA methyltransferases such as 




2  SPECIFIC AIM 1 
(Results of SA1 have been published in J Biol Chem. 2016 Feb 26;291(9):4523-36.) 
 
2.1 Abstract  
  Inhibiting class I histone deacetylases (HDACs) increases energy expenditure, 
reduces adiposity and improves insulin sensitivity in obese mice. However, the precise 
mechanism is poorly understood. Here, we demonstrate that HDAC1 is a negative 
regulator of brown adipocyte thermogenic program. HDAC1 level is lower in mouse 
brown fat (BAT) than white fat, is suppressed in mouse BAT during cold exposure or 
β3-adrenergic stimulation, and is down-regulated during brown adipocyte 
differentiation. Remarkably, overexpressing HDAC1 profoundly blocks, whereas 
deleting HDAC1 significantly enhances β-adrenergic activation-induced BAT-specific 
gene expression in brown adipocytes. β-adrenergic activation in brown adipocytes 
results in a dissociation of HDAC1 from promoters of BAT-specific genes, including 
uncoupling protein 1 (UCP1) and peroxisome proliferator-activated receptor γ co-
activator 1α (PGC1α), leading to increased acetylation of histone H3 lysine 27 (H3K27), 
an epigenetic mark of gene activation. This is followed by dissociation of the polycomb 
repressive complexes, including the H3K27 methyltransferase enhancer of zeste 
homologue (EZH2), suppressor of zeste 12 (SUZ12), and ring finger protein 2 (RNF2) 
from, and concomitant recruitment of H3K27 demethylase ubiquitously transcribed 
tetratricopeptide repeat on chromosome X (UTX) to UCP1 and PGC1α promoters, 
leading to decreased H3K27 trimethylation, a histone transcriptional repression mark. 




inhibiting HDAC1 promotes BAT-specific gene expression through a coordinated 
control of increased acetylation and decreased methylation of H3K27, thereby 
switching transcriptional repressive state to active state at the promoters of UCP1 and 
PGC1α. Targeting HDAC1 may be beneficial in prevention and treatment of obesity by 
enhancing BAT thermogenesis. 
 
2.2 Introduction  
    Obesity develops when a persistent imbalance between energy intake and energy 
expenditure occurs (Hill et al., 2012). Whereas white adipose tissue (WAT) is involved 
in energy storage, the role of brown adipose tissue (BAT) is to dissipate energy as heat 
due to its unique expression of uncoupling protein 1 (UCP1) (Nicholls and Locke, 1984, 
Cannon and Nedergaard, 1985, 2004, Oelkrug et al., 2015). In rodents, there exist two 
types of brown adipocytes. Traditional brown adipocytes are located in discrete areas, 
whereas “inducible” beige adipocytes are dispersed in WAT (Seale et al., 2008, Wu et 
al., 2012) and can be induced by cold exposure or β3-adrenergic receptor activation 
(Himms-Hagen, 1989, Xue et al., 2005). The ability of brown/beige adipocytes to 
produce adaptive thermogenesis depends on the unique expression of UCP1 in the 
inner mitochondrial membrane, which serves to uncouple oxidative phosphorylation 
from ATP synthesis, thereby profoundly increasing energy expenditure (Nicholls and 
Locke, 1984, Cannon and Nedergaard, 1985, 2004, Oelkrug et al., 2015). Recent 
reports demonstrate that adult humans also possess metabolically active brown fat; 




correlated with energy expenditure (Cypess et al., 2009, van Marken Lichtenbelt et al., 
2009, Virtanen et al., 2009). This important discovery provides new insight into the 
mechanisms regulating energy homeostasis in adult humans and suggests that 
increasing functional brown/beige adipocytes in humans is a novel and promising 
target in treating obesity.  
    Although the genome is fixed and identical in all cells, the epigenome, the 
combination of all genome-wide DNA and chromatin modifications, is continuously 
modified in response to developmental, environmental, physiological, and 
pathological cues (Maunakea et al., 2010, Bannister and Kouzarides, 2011). Epigenetic 
modifications, including DNA methylation, histone acetylation, and methylation, 
result in organization of the chromatin structure on different hierarchal levels, which 
regulate gene expression (Maunakea et al., 2010, Bannister and Kouzarides, 2011). 
Recent evidence suggests that epigenetic mechanisms have emerged as an important 
link between environmental factors and obesity (Maier and Olek, 2002, Ling and 
Groop, 2009, Szarc vel Szic et al., 2010). For example, Ucp1 promoter activity is 
regulated by changes in DNA methylation status (Shore et al., 2010). The histone H3 
Lys-9 demethylase JHDM2a directly regulates UCP1 expression, and genetic deletion 
of Jhdm2a in mice results in obesity (Tateishi et al., 2009). This is a newly emerging 
research area; however, much remains to be discovered regarding how epigenetic 
mechanisms regulate metabolism and energy homeostasis.  
    Histone acetylation and deacetylation are regulated by the balanced action of 




Maunakea et al., 2010, Bannister and Kouzarides, 2011). HDACs consist of four major 
classes: class I (HDAC1, -2, -3, and -8), class II (HDAC4, -5, -6, -7, -9, and -10), class 
III (SIRT1 to -7), and class IV (HDAC11). The class I, II, and IV HDACs act to remove 
acetyl groups from lysine residues in histone as well as cellular proteins, thereby 
regulating gene expression and cellular protein activity, whereas class III HDACs 
(Sirt1–Sirt7) form a structurally distinct class of NAD-dependent enzymes and can be 
inhibited by nicotinamide (Backdahl et al., 2009, Bannister and Kouzarides, 2011). 
Recent data suggest that HDACs have emerged as important players in the regulation 
of energy and glucose homeostasis (Ye, 2013). For example, it is reported that class I 
HDAC inhibitor (HDACi) MS-275 ameliorates obesity and diabetes in animal models 
through stimulation of oxidative phosphorylation and mitochondrial function in 
muscle and fat (Galmozzi et al., 2013). However, the precise mechanism by which class 
I HDACi exerts these effects is poorly understood.  
    In the current study, we have identified Hdac1 as a prominent epigenetic target in 
regulating the thermogenic program in brown adipocytes. Using loss- and gain-of-
function approaches, we demonstrated that Hdac1 deficiency activated, whereas 
Hdac1 overexpression repressed, transcription of brown adipocyte-specific gene 
expression through regulating the acetylation and methylation status of histone H3 
lysine 27 (H3K27) on promoter and enhancer regions of Ucp1 and peroxisome 
proliferator-activated receptor γ (PPARγ) co-activator 1-α (PGC1α). Thus, our data 
suggest that epigenetics plays an important role in brown adipocyte thermogenesis, 




2.3 Materials and Methods 
2.3.1 Mice 
  C57BL/6J (B6) and AJ mice (Jackson Laboratories) were housed with a 12/12 h 
light–dark cycle in temperature- and humidity-controlled rooms with free access to 
water and food. To study the role of HDAC1 in the formation of brown adipocytes, 7-
week old mice were exposed to cold condition (4°C) or intraperitoneally (i.p.) injected 
with a β3-adrenergic agonist [CL316243 (Sigma), dose: 1mg/kg]  for seven days. After 
cold exposure or β3-adrenergic agonist stimulation, mice were sacrificed at eight 
weeks of age. Brown adipose tissue and white adipose tissues were harvested for 
measuring HDAC1 gene expression. All aspects of animal care were approved by 
Georgia State University’s Animal Care and Use Committee.  
2.3.2 Cell Culture 
All cells were maintained at 37 °C with 5% CO2. Immortalized brown preadipocytes 
BAT1 (kindly provided by Dr. Patrick Seale, University of Pennsylvania) (Seale et al., 
2007, Rajakumari et al., 2013) and HIB-1B (Ross et al., 1992, Klaus et al., 1994) were 
maintained in growth medium (DMEM/F-12 (BAT1) or DMEM (HIB-1B) containing 
10% fetal bovine serum and 1% penicillin/streptomycin). Brown adipocyte 
differentiation was induced as described previously (Seale et al., 2007, Rajakumari et 
al., 2013). Briefly, cells were grown into 90% confluence in growth medium and were 
then induced to differentiate with a differentiation medium (growth medium plus 
20nM insulin, 1nM triiodothyronine, 125μM indomethacin, 




were cultured in maintenance medium (growth medium plus 20nM insulin and 1 
nM triiodothyronine). At day 6, all of the cells were differentiated as described 
previously (Seale et al., 2007, Rajakumari et al., 2013). To induce the thermogenic 
program, brown adipocytes were treated with 1 μM isoproterenol or norepinephrine 
(NE) for 3–4 h. 
2.3.3 small interfering RNA (siRNA) and plasmid DNA transfection  
The MGC fully sequenced mouse cDNA expression plasmids for HDAC1 (Clone ID 
4976514), enhancer of zeste homologue (Ezh2) (Clone ID 3586689), suppressor of 
zeste 12 (Suz12) (Clone ID 6821922), ring finger protein 2 (Rnf2) (Clone ID 4021046), 
the ON-TARGET plus mouse HDAC1 siRNA-SMART pool (L-040287-02-0005), 
and HDAC1–HDAC11 siRNAs for our initial screening were purchased from GE 
Healthcare. The sequences for HDAC1–HDAC11 siRNAs are listed in Table 4. All other 
plasmids were in mammalian expression vector pSPORT6 except for Suz12, which was 
in a non-expressing vector, pXY-Asc. To clone Suz12 into pSPORT6 vector, PacI and 
SalI were used to release the Suz12 cDNA inserted from pXY-Asc and subcloned into 
pSPORT6. The overexpressing plasmids or siRNAs were transfected into BAT1 or HIB-
1B brown adipocytes by Amaxa Nucleofector II Electroporator (Lonza) using Amaxa 
cell line nucleofector kit L according to the manufacturer's instructions (Lonza). 
Briefly, at days 4–6 of differentiation, cells (2 × 106 cells/sample) were trypsinized 
and centrifuged at 90 × g for 5 min at room temperature. Cell pellet was resuspended 
in nucleofector solution (100 μl/sample) with 2 μg of plasmid DNA or 20 pmol of 




days after transfection. 
For the co-immunoprecipitation (co-IP) experiment, HEK293T cells were 
electroporated with pSPORT6 vector or co-transfected with HDAC1, Ezh2, Suz12, 
and Rnf2 cDNA for two days. Cell lysates from transfected HEK293T cells or 
endogenous BAT1 brown adipocytes were collected to detect protein interactions by 
co-IP. 
2.3.4 Quantitative real-time RT-PCR  
Total RNA was extracted with TRI Reagent according to the manufacturer's 
instructions (Molecular Research Center, Cincinnati, OH). RNA expression was 
quantified by real-time RT-PCR with TaqMan one-step RT-PCR Master mix (Life 
Technologies, Inc.) using a Stratagene Mx3000p thermocycler (Stratagene, La Jolla, 
CA) and normalized to cyclophilin. The primer and probe pairs used in the assays were 
purchased from Applied Biosystems or designed using Primer Express software (Life 
Technologies) (Tables 2 and 3). 
2.3.5 Immunoblotting 
IP and immunoblotting were performed as we described previously (Xue et al., 2007, 
Wang et al., 2011). Briefly, tissue or cell samples were homogenized in a modified 
radioimmune precipitation assay lysis buffer containing 50 mM Tris-HCl, 1 mM EDTA, 
1% Nonidet P-40, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM sodium fluoride, 1 
mMphenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1% protease 
inhibitor mixture (Sigma), and 1% phosphatase inhibitor mixture (Sigma). Cell 




portions were removed by centrifugation at 14,000 × g at 4 °C for 15 min. Two mg of 
cell lysates was incubated overnight with the appropriate antibodies (Table 1) and 
protein A/G-agarose (Santa Cruz Biotechnology, Inc.) at 4 °C with constant gentle 
mixing. Agarose beads were collected by centrifugation, washed with ice-cold 
radioimmune precipitation assay lysis buffer and then with phosphate-buffered saline, 
and then boiled in Laemmli sample buffer. Proteins from IP or whole cell lysates were 
separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The 
transferred membranes were blocked, washed, and incubated with various primary 
antibodies (Table 1), followed by incubation with Alexa Fluor 680-conjugated 
secondary antibodies (Life Technologies). The fluorescent signal was visualized with a 
LI-COR Imager System (LI-COR Biosciences, Lincoln, NE). 
2.3.6 Chromatin immunoprecipitation (ChIP) assay 
ChIP assay was performed using a ChIP assay kit (Upstate) as previously described 
(Shi et al., 2006). For tissue ChIP assays, tissue samples were cut into small pieces and 
fixed with 1% of formaldehyde. The samples were then homogenized in cell lysis buffer 
(5 mM PIPES, 85 mM KCl, and 0.5% Nonidet P-40, supplemented with protease 
inhibitors, pH 8.0) using a Dounce homogenizer to isolate nuclei. The nuclei were 
resuspended in nuclei lysis buffer (50 mM Tris-HCl, 10 mM EDTA, and 1% SDS, 
supplemented with protease inhibitors, pH 8.1) and sonicated to shear genomic DNA 
to an average fragment length of 200–1,000 bp with a Diagenode Bioruptor 
(Diagenode, Denville, NJ). Lysates were centrifuged, and the supernatants were 




underwent overnight immunoprecipitation, elution, reverse cross-linking, and 
protease K digestion, according to the manufacturer's manual. A mock 
immunoprecipitation without antibody was also included for each sample. Eluted 
DNA was analyzed by real-time PCR using SYBR Green quantitative PCR (Life 
Technologies). Primer sequences used in this study were as follows: UCP1 proximal 
promoter, 5′-CCCACTAGCAGCTCTTTGGA-3′ and 5′-
CTGTGGAGCAGCTCAAAGGT; UCP1 enhancer region, 5′-
CTCCTCTACAGCGTCACAGAGG-3′ and 5′-AGTCTGAGGAAAGGGTTGA-
3′; PGC1α cAMP-response element (CRE) region, 5′-
CAAAGCTGGCTTCAGTCACA-3′ and 5′-AAAAGTAGGCTGGGCTGTCA-3′. 
2.3.7 Statistical Analysis 
Data were expressed as mean ±S.E. Statistical tests were performed using SPSS 
software (version 16.0, SPSS Inc, Chicago, IL, USA). One-way Analysis of Variance 
(ANOVA) followed by Student-Newman-Keuls test was used to determine multiple 
comparisons. Statistical significance was accepted at P<0.05. 
 
2.4 Results 
2.4.1 Hdac1 Is Enriched in WAT Versus BAT and Is Down-regulated in BAT 
during β-Adrenergic Stimulation and during Brown Adipocyte 
Differentiation  
    Recent studies reported that class I but not class II HDACi enhanced whole body 




increased mitochondrial biogenesis in skeletal muscle and adipose tissues (Galmozzi 
et al., 2013). However, little is known about whether these effects are exerted directly 
through activating brown fat thermogenesis and which HDAC is responsible for these 
beneficial effects. Thus, we first knocked down individual HDACs (Hdac1–Hdac11) in 
brown adipocyte cell line HIB-1B cells using a siRNA approach. Interestingly, although 
knockdown of other HDACs exerted minimal effects, reducing the expression of the 
class I HDAC family member Hdac1 by siRNA knockdown significantly enhanced NE-
stimulated Ucp1 expression (Fig. 1A). This prompted us to investigate the role of 
HDAC1 in regulating the brown adipocyte thermogenic program.  
    We first measured the HDAC1 expression pattern in brown and white adipose 
tissues. As expected, UCP1 protein was enriched in BAT but not detectable in 
epididymal WAT (Epi (WAT)) in adult mice housed at ambient temperature (Fig. 1B). 
Interestingly, in contrast to UCP1 expression, HDAC1 protein level was enriched in 
WAT but much lower in BAT (Fig. 1B). BAT1 and HIB-1B brown adipocyte 
differentiation was marked with significantly increased UCP1 mRNA and protein 
levels (Fig. 1C and D), which were accompanied by decreased mRNA and protein levels 
of HDAC1 (Fig. 1C and D).  
It is well documented that cold temperature triggers sympathetic discharge, leading 
to the release of NE in BAT and WAT (Lowell and Spiegelman, 2000, Cannon and 
Nedergaard, 2004). Thus, we tested whether Hdac1 expression in BAT was regulated 
by sympathetic stimulation. A/J mice were exposed to cold (5 °C) or intraperitoneally 




was profoundly reduced in BAT after 6 h of cold exposure and tended to stay reduced 
up to 7 days of cold exposure (Fig. 1E). A similar reduction of Hdac1 expression was 
also observed in BAT after CL-316,243 injection for 7 days (Fig. 1F). These data 
indicate that decreased Hdac1 may be a marker of mature brown adipocytes and that 
Hdac1 may negatively regulate the BAT thermogenic program.  
2.4.2 HDAC1 Regulates Brown Adipocyte Thermogenic Gene Expression 
    To investigate the role of HDAC1 in the regulation of brown fat-specific gene 
expression, we performed gain- or loss-of-function experiments in differentiated BAT1 
cells. It has been reported that HDAC1 regulates the early steps of adipocyte 
differentiation (Wiper-Bergeron et al., 2003). Thus, to avoid the confounding effects 
of HDAC1 on differentiation, we have focused on the role of HDAC1 in mature brown 
adipocyte gene expression by knocking down or overexpressing HDAC1 in BAT1 cells 
after 4–6 days of differentiation. HDAC1 mRNA in knockdown cells was reduced by 
80%, as measured by real-time RT-PCR, and HDAC1 protein expression was also 
significantly decreased, as assessed by immunoblotting (Fig. 2A). As expected, 
knocking down HDAC1 in mature BAT1 cells did not affect the mRNA levels of general 
adipocyte differentiation markers, including PPARγ, CCAAT/enhancer-binding 
protein α (CEBPα), sterol regulatory element-binding protein 1C (SREBP1c), 
adipocyte protein 2 (aP2), and adiponectin (AdipoQ) (Fig. 2B). Remarkably, HDAC1 
knockdown in BAT1 cells significantly increased basal and isoproterenol-stimulated 
expression of brown adipocyte-specific genes, including UCP1, PGC1α (Fig. 2C), 




(Dio2), acyl-CoA oxidase 1 (ACOX1), cytochrome c oxidase 1 (COX1), epithelial V-like 
antigen 1 (EVA1), and otopetrin 1 (Otop1) (Fig. 2D). In addition, isoproterenol 
significantly stimulated UCP1 protein expression in BAT1 cells, which was further 
enhanced by HDAC1 knockdown (Fig. 2E).  
    We then overexpressed HDAC1 in BAT1 brown adipocytes, as shown by increased 
HDAC1 protein expression (Fig. 3A). Overexpression of HDAC1 in BAT1 brown 
adipocytes significantly suppressed basal and/or isoproterenol-stimulated brown 
adipocyte-specific gene expression, including UCP1, PGC1α, PGC1β, PRDM16, CEBPβ, 
fibroblast growth factor 21 (FGF21), PPARα, carnitine palmitoyltransferase 1B 
(CPT1B), ACOX1, COX1, Otop1, and cell death-inducing DNA fragmentation factor α 
subunit-like effector A (CIDEA) (Fig. 3B and C). 
    Similar results were observed in HIB-1B brown adipocyte cell line. In HIB-1B cells 
with HDAC1 siRNA knockdown, HDAC1 mRNA was reduced by more than 80% (Fig. 
4A), and knocking down HDAC1 significantly increased basal and/or NE-stimulated 
brown adipocyte-specific gene expression, including UCP1 (Fig. 4B), PGC1α, PGC1β, 
COX1, ACOX1, CIDEA, PRDM16, CPT1B, and PPARα (Fig. 4C and D). Similarly, 
HDAC1 overexpression significantly reduced NE-stimulated UCP1 expression in HIB-
1B cells (Fig. 4E). These data demonstrate that HDAC1 is a negative regulator of the 
thermogenic program in mature brown adipocytes. 
2.4.3 HDAC1 Deficiency Mediates the Beneficial Effects of Class I HDACi 
on Improving Metabolic Phenotypes 




HDACi MC-1568, ameliorate obesity and diabetes in animal models, possibly through 
stimulation of oxidative phosphorylation and mitochondrial function in muscle and 
fat (Galmozzi et al., 2013). To our surprise, treating BAT1 brown adipocytes with the 
pan-HDACi TSA and SAHA resulted in complex effects on brown fat-specific gene 
expression. Whereas TSA and SAHA enhanced isoproterenol-stimulated expression of 
genes involved in mitochondria oxidative activity, such as PGC1α and ACOX1, they 
significantly suppressed isoproterenol-stimulated expression of other BAT-specific 
genes, including UCP1, PRDM16, PPARγ, and Otop1 (Fig. 5A and B). In contrast, the 
class I HDACi MS-275 significantly enhanced isoproterenol-stimulated BAT-specific 
gene expression, including UCP1, ELOVL3, and PGC1α, whereas it had minimal effects 
on PRDM16 and PPARγ expression (Fig. 5 C).  
    We also tested whether HDAC1 might be the molecular target of class I HDACi MS-
275 in regulating BAT-specific gene expression in BAT1 cells. As expected, MS275 or 
HDAC1 siRNA knockdown enhanced isoproterenol-stimulated gene expression of 
UCP1 and PGC1α in BAT1 cells to a similar extent when treated individually; however, 
they did not exert any additive effects on these gene expressions when treated in 
combination in BAT1 cells (Fig. 5D). Our data suggest that HDAC1 may be the 
molecular target of the class I HDACi MS-275 in stimulating brown fat function.  
2.4.4 Sympathetic Activation in Brown Adipocytes Reduces HDAC1 
Binding and Increases H3K27 Acetylation at UCP1 and PGC1α Promoters 
    HDACs repress gene expression by removing acetyl groups from lysine residues in 




reasoned that if HDAC1 indeed negatively regulates brown fat functions, sympathetic 
activation in BAT may trigger HDAC1 dissociation from promoter regions of key genes 
regulating brown fat thermogenesis, which should allow transcriptional activation of 
these genes and subsequently the full activation of the brown adipocyte thermogenic 
program. UCP1 is responsible for mitochondrial uncoupling in BAT (Cannon and 
Nedergaard, 1985, 2004), whereas PGC1α is the central regulator of brown adipocyte 
thermogenesis (Puigserver and Spiegelman, 2003, Lin et al., 2005). A ∼220-bp 
upstream enhancer element along with the proximal promoter that is closer to the 
transcriptional start site have been identified at the UCP1 promoter that mediates 
sympathetic stimulated and tissue-specific expression of UCP1 (Kozak et al., 1994, 
Cassard-Doulcier et al., 1998, Rim and Kozak, 2002). In addition, PGC1α expression 
is highly induced via the β-adrenergic receptor-activated protein kinase A (PKA)/CRE-
binding protein (CREB) pathway (Herzig et al., 2001, Cao et al., 2004) through the 
CRE cis-element on the PGC1α promoter (Handschin et al., 2003, Galmozzi et al., 
2013). We therefore examined the binding of HDAC1 at the enhancer and proximal 
promoter regions of UCP1 and the CRE cis-element on the PGC1α promoter (Fig. 6A) 
upon sympathetic activation. As expected, in BAT of mice treated with β3-adrenergic 
agonist CL-243,316, binding of HDAC1 was significantly reduced at the enhancer and 
proximal promoter regions of UCP1 (Fig. 6B and C) and the CRE cis-element region at 
the PGC1α promoter (Fig. 6D). In addition, isoproterenol treatment also significantly 
reduced HDAC1 binding to these promoter/enhancer regions in differentiated BAT1 




brown adipocytes dissociates HDAC1 from promoters of key genes regulating brown 
adipocyte thermogenesis, including UCP1 and PGC1α. This may facilitate subsequent 
chromatin modifications and DNA unwinding, which can eventually lead to increased 
accessibility to transcription factor binding and gene activation (Maunakea et al., 2010, 
Bannister and Kouzarides, 2011).  
    Acetylation at histone H3 lysine 27 (H3K27ac) results in transcriptional activation 
(Ge, 2012). We found that isoproterenol treatment in BAT1 cells significantly 
increased H3K27ac levels at the enhancer and proximal promoter regions of UCP1 and 
the CRE region at the PGC1α promoter (Fig. 6F and G). Importantly, reducing HDAC1 
expression by siRNA knockdown induced a similar increase in H3K27ac levels and 
further enhanced isoproterenol-stimulated increase in H3K27ac levels (Fig. 6F), 
whereas HDAC1overexpression completely blocked isoproterenol-induced increase in 
H3K27ac levels at these promoter/enhancer regions (Fig. 6G). 
    On the other hand, the acetylation levels at histone H3 lysine 14 (H3K14ac) and 
histone H3 lysine 9 (H3K9ac), two other lysine residues that can be modified by 
acetylation (An, 2007, Bannister and Kouzarides, 2011), did not exhibit similar 
responsiveness to HDAC1 knockdown and/or isoproterenol stimulation in BAT1 cells 
(Fig. 6H). Thus, our data suggest that H3K27 may be the major target of HDAC1 in 
brown adipocytes regulating brown-specific gene expression. 
2.4.5 HDAC1 Regulates UCP1 and PGC1α Expression by Further Modifying 
H3K27 Methylation 




trimethylated and are associated with either gene repression or activation, depending 
on the lysine residues that are methylated and the degree of methylation. 
Trimethylation of H3K27 (H3K27me3) is a hallmark of gene repression, whereas 
trimethylation of histone H3 Lys-4 marks transcriptional activation (Maunakea et al., 
2010, Bannister and Kouzarides, 2011). Importantly, histone acetylation and 
methylation mutually affect each other in the regulation of transcriptional process (An, 
2007). We thus tested whether modulation of histone acetylation by HDAC1 led to 
further alterations in histone methylation. ChIP assay analysis demonstrated that 
isoproterenol treatment in BAT1 brown adipocytes resulted in a significant decrease 
in H3K27me3 levels at UCP1 and PGC1α promoters (Fig. 7A and B). 
Reducing HDAC1 expression by siRNA knockdown mimicked isoproterenol's effect by 
reducing H3K27me3 levels at these promoter/enhancer regions to a similar extent as 
isoproterenol and did not further decrease isoproterenol-suppressed H3K27me3 
levels (Fig. 7A). In contrast, HDAC1 overexpression significantly blocked 
isoproterenol-suppressed H3K27me3 levels at these promoter/enhancer regions (Fig. 
7 B). 
H3K27 methylation is dynamically regulated by both histone methyltransferases and 
demethylases (Dambacher et al., 2010, Morey and Helin, 2010, Bannister and 
Kouzarides, 2011). EZH2 is a methyltransferase that specifically di- and trimethylates 
H3K27 (Dambacher et al., 2010, Morey and Helin, 2010, Bannister and Kouzarides, 
2011), whereas lysine-specific demethylase 6A (KDM6A)/ubiquitously transcribed 




demethylase (Lee et al., 2007). A ChIP assay demonstrated that isoproterenol 
treatment in BAT1 brown adipocytes resulted in a significant decrease in EZH2 
binding at UCP1 and PGC1α promoters (Fig. 7C and D). Reducing HDAC1expression 
by siRNA knockdown mimicked isoproterenol's effect by reducing EZH2 binding at 
these promoter/enhancer regions to a similar extent as isoproterenol and did not 
further decrease isoproterenol-suppressed EZH2 binding (Fig. 7C), 
whereas HDAC1 overexpression completely reversed isoproterenol-induced 
suppression of EZH2 binding (Fig. 7D). 
    In contrast, isoproterenol treatment in BAT1 brown adipocytes resulted in a 
significant increase in UTX binding at UCP1 and PGC1α promoters (Fig. 7E and F). 
Reducing HDAC1expression by siRNA knockdown also induced a similar increase in 
UTX binding to the UCP1 enhancer region and further enhanced isoproterenol-
induced binding of UTX to the UCP1 proximal promoter and PGC1α CRE region (Fig. 
7E), whereas HDAC overexpression completely prevented the isoproterenol-induced 
increase in UTX binding to these promoter/enhancer regions (Fig. 7F). Overall, our 
data demonstrated that HDAC1 may coordinately regulate H3K27ac and H3K27me3 
levels at UCP1 and PGC1α promoters through differential recruitment of the H3K27 
methyltransferase EZH2 and the H3K27 demethylase UTX, thus regulating the 
expression of these genes. 
    EZH2 is a component of the polycomb group proteins, which are known to mediate 
gene silencing by regulating chromatin structure (Morey and Helin, 2010). Two major 




and 2 (PRC1 and PRC2). PRC1 comprises three main components: ring finger protein 
1 (RING1), RNF2, and Bmi1 polycomb ring finger oncogene (BMI1). PRC2 comprises 
three major components: EZH2, SUZ12, and EED (embryonic ectoderm development). 
PRC2 promotes H3K27 methylation through the methyltransferase activity of EZH2 
and also facilitates the recruitment of PRC1 onto methylated H3K27, which in turn 
leads to further gene repression (Morey and Helin, 2010). It has been shown that 
HDAC1 may be associated with PRC2 (Morey and Helin, 2010). We thus investigated 
whether HDAC1 regulates the recruitment of components of PRC1/2 
to UCP1 and PGC1α promoters. The ChIP assay demonstrated that isoproterenol 
treatment in BAT1 cells decreased binding of SUZ12 (Fig. 8A and C) and RNF2 (Fig. 
8B and D) to UCP1 and PGC1α promoters. Importantly, reducing HDAC1 expression 
by siRNA knockdown mimicked isoproterenol's effect by inducing a similar decrease 
in SUZ12 and RNF2 binding and did not further reduce isoproterenol-suppressed 
SUZ12 and RNF2 binding at these promoters (Fig. 8A and B), 
whereas HDAC1 overexpression completely prevented isoproterenol-suppressed 
SUZ12 and RNF2 binding to these promoters (Fig. 8C and D). 
    We further performed co-IP experiments to test whether HDAC1 physically interacts 
with components of PRC1 and PRC2 complexes. Our data demonstrated that HDAC1 
interacts with the PRC2 complex components EZH2 and SUZ12 and the PRC1 
component RNF2 in HEK293T cells overexpressing HDAC1, EZH2, SUZ12, 






2.5 Discussion of specific aim 1 
  Recent data suggest that HDACs have emerged as important players in the regulation 
of energy and glucose homeostasis (Ye, 2013). The pan-HDAC inhibitors sodium 
butyrate and trichostatin A increase energy expenditure, reduce adiposity, and 
improve insulin sensitivity in diet-induced obese (DIO) mice (Gao et al., 2009). This 
is possibly exerted through the inhibition of class I HDACs, because the specific class 
I HDACi exerts similar effects in DIO mice, whereas class II HDACi has no effects 
(Galmozzi et al., 2013). However, the precise mechanism by which class I HDACi 
exerts these beneficial effects is poorly understood. Here, we demonstrate that the 
class I HDAC1 negatively regulates the brown adipocyte thermogenic program. This is 
based on the following observations. First, in contrast to UCP1 expression, which is 
usually enriched in BAT, HDAC1 is enriched in WAT, but its expression is much lower 
in BAT. Second, brown adipocyte differentiation is associated with significantly up-
regulated UCP1 expression, which is concomitantly associated with reduction 
of HDAC1 RNA and protein levels. Third, sympathetic activation of BAT is associated 
with down-regulation of HDAC1 expression. These data suggest that HDAC1 may be a 
negative regulator of brown adipocyte thermogenic program. Indeed, knocking 
down HDAC1 in brown adipocytes significantly up-regulates BAT-specific gene 
expression, whereas overexpressing HDAC1 significantly suppresses BAT-specific 
gene expression, suggesting a causative link between HDAC1 inhibition and up-




adipocyte thermogenesis alleviates obesity and its associated metabolic diseases 
(Himms-Hagen et al., 1994, Guerra et al., 1998, Cederberg et al., 2001, Feldmann et 
al., 2009, Cohen et al., 2014). Thus, our data suggest that HDAC1 may be important in 
regulating energy homeostasis in animal models, and inhibiting HDAC1 in brown 
adipocytes may contribute to the beneficial effects of class I HDACi in DIO mice 
(Galmozzi et al., 2013). Further studies using genetic animal models with brown fat-
specific deletion or overexpression of HDAC1 will be needed to study the role of 
HDAC1 in energy homeostasis and metabolism in whole animals. 
  Interestingly, we found that whereas both the pan-HDACi TSA and SAHA and the 
class I-specific HDACi MS-275 (Chavan and Somani, 2010) stimulate the expression 
of genes involved in mitochondrial function and oxidative activity, such as PGC1α, the 
effect of these different classes of HDACis on the expression of other genes that are 
important for brown adipocyte differentiation and determination is different. For 
example, the class I HDACi MS-275 potently stimulates, whereas the pan-HDACis TSA 
and SAHA significantly suppress, isoproterenol-stimulated UCP1 expression in brown 
adipocytes. In addition, TSA also significantly inhibited PRDM16 and PPARγ 
expression, whereas MS-275 had minimal effects on these gene expressions. These 
TSA-suppressed genes are either key players in brown adipocyte differentiation and 
determination (PPARγ and PRDM16) or a marker of brown adipocyte (UCP1). Because 
TSA and SAHA inhibit both class I and II HDACs (Chavan and Somani, 2010), and 
because it has been shown that class II HDACs are mainly involved in the regulation 




between the pan-HDACi TSA and the class I HDACi MS-275 may be mainly due to the 
different functions of class I and class II HDACs. Thus, further studies are warranted 
to elucidate the differential effects of class I and II HDACis on brown adipocyte 
function. Nonetheless, our data suggest that the class I HDACi MS-275 may contribute 
to its beneficial effect on improving metabolic phenotypes in DIO mice (as reported by 
Galmozzi et al. (Galmozzi et al., 2013)) at least partly by directly stimulating brown 
adipocyte function, and HDAC1 may mediate this effect. Thus, class I HDACis, such as 
MS-275, and, more specifically, HDAC1, may serve as promising therapeutic targets in 
treating obesity and associated metabolic syndrome. 
  Histone acetylation and methylation are epigenetic mechanisms that regulate gene 
expression by remodeling chromatin structure (Backdahl et al., 2009, Maunakea et al., 
2010, Bannister and Kouzarides, 2011). Whereas H3K27ac is a histone transcriptional 
activation mark, H3K27me3 serves as a histone transcriptional repression mark 
(Backdahl et al., 2009, Maunakea et al., 2010, Bannister and Kouzarides, 2011, Ge, 
2012). Histone acetylation is regulated by the balanced action of histone 
acetyltransferases and HDACs, whereas histone methylation is regulated by histone 
methyltransferases and demethylases (Backdahl et al., 2009, Maunakea et al., 2010, 
Bannister and Kouzarides, 2011). Specifically, the di- and trimethylation of H3K27 are 
catalyzed by the PRC2 complex. Within PRC2, EZH2 is the catalytic subunit that 
possesses methyltransferase activity toward H3K27, and its activity also requires 
binding to the two other PRC2 protein components, SUZ12 and EED (Morey and Helin, 




which, through the E3 ubiquitin ligase activity of the PRC1 components RING1 and 
RNF2, induces further chromatin compaction through histone 2A ubiquitination 
(Morey and Helin, 2010). On the other hand, UTX is a histone demethylase that 
specifically demethylates di- and trimethylated H3K27 (Lee et al., 2007). Interestingly, 
we find that HDAC1 physically interacts with the PRC2 components EZH2 and SUZ12 
and the PRC1 catalytic subunit RNF2, suggesting a role of HDAC1 in connecting 
H3K27 deacetylation to methylation and possibly further chromatin compaction by 
histone ubiquitination. Indeed, we find that knocking down HDAC1 in brown 
adipocytes not only results in an increase in H3K27ac; it also leads to reduced 
H3K27me3 in promoters of BAT-specific genes, including UCP1 and PGC1α. This is 
exerted through the dissociation of the PRC2 components EZH2 and SUZ12 and PRC1 
catalytic subunit RNF2 from these promoters and a reciprocal recruitment of the 
H3K27 demethylase UTX to these promoters. Thus, our data demonstrate that HDAC1 
negatively regulates the brown adipocyte thermogenic program through interaction 
with PRC1/2 complexes, thereby promoting H3K27 deacetylation and methylation at 
promoters of BAT-specific genes, such as UCP1 and PGC1α. In addition, our data also 
demonstrate that β-adrenergic activation induces dissociation of HDAC1 along with 
PRC complexes from UCP1 and PGC1α promoters, which in turn leads to gene 
activation. 
  Sympathetic signaling is essential in brown/beige adipocyte activation (9–13). We 
find that β-adrenergic activation in BAT1 adipocytes is associated with increased 




complexes and concomitant recruitment of UTX on BAT-specific gene promoters, 
including UCP1 and PGC1α. These data indicate that HDAC1 may be one of the 
epigenetic modulations triggered by sympathetic signaling in brown adipocytes, which 
eventually leads to thermogenic activation. It would be interesting to study how β-
adrenergic stimulation triggers the dissociation of HDAC1 from BAT-specific gene 
promoters in brown adipocytes. HDAC1 is a part of the catalytic core of several 
multimeric corepressor complexes, including SIN3A, NuRD (nucleosome remodeling 
deacetylase), and CoREST (corepressor of RE1-silencing transcription factor) (Segre 
and Chiocca, 2011, Kelly and Cowley, 2013, Laugesen and Helin, 2014), and is also a 
part of the PRC2 complex (Morey and Helin, 2010). The recruitment of these 
multiprotein complexes is usually triggered by cell-specific transcriptional factors or 
the histone recognition motifs found within the complex components (Segre and 
Chiocca, 2011, Kelly and Cowley, 2013, Laugesen and Helin, 2014). In this context, 
pRB (retinoblastoma protein) and RIP140 (receptor-interacting protein 140) are 
potent negative regulators of BAT-specific gene expression (Brehm et al., 1998, 
Sharma et al., 2014). It has been reported that pRB and RIP140 silence promoter 
activity and gene expression through recruitment of HDACs, including HDAC1 
(Brehm et al., 1998, Magnaghi-Jaulin et al., 1998, Wei et al., 2000). Thus, it is possible 
that HDAC1 may be recruited to BAT-specific promoters through association with 
negative transcriptional regulators of BAT, such as pRB and RIP140. 
  In addition, HDAC1 itself is subjected to various post-transcriptional modifications. 




whereas acetylation of HDAC1 by the acetyltransferase p300 suppresses its activity 
(Segre and Chiocca, 2011). Interestingly, recent studies using phosphoproteomics have 
identified casein kinase II as a negative regulator of BAT function through 
phosphorylating and regulating HDAC1 activity (Shinoda et al., 2015b). Thus, our data 
fall in line with the results from Shinoda et al.(Shinoda et al., 2015b) and further 
demonstrate the importance of HDAC1 in the regulation of BAT function. Moreover, 
HDAC1 activity or protein levels can also be regulated by ubiquitination, sumoylation, 
nitrosylation, and carbonylation (Segre and Chiocca, 2011). Further study is required 
to decipher the cellular signaling cascades and mechanisms that regulate HDAC1 
activity and recruitment to BAT-specific promoters in response to sympathetic and 
other stimuli in brown adipocytes. 
  In the present study, we have focused on the epigenetic regulation of PGC1α 
by HDAC1, because it is well established that PGC1α plays a central role in regulating 
important pathways involved in mitochondrial biogenesis and thermogenesis 
(Puigserver and Spiegelman, 2003, Lin et al., 2005). However, we have found that 
HDAC1 regulates H3K27 acetylation and methylation at the promoter and enhancer 
regions of UCP1, a brown adipocyte terminal differentiation marker. Thus, it would be 
interesting to know whether HDAC1 also regulates H3K27 deacetylation and 
methylation at other genes' promoters to regulate their transcription. Unbiased 
approaches, such as ChIP sequencing, will be required to explore the gene profile that 




Although both express UCP1 and share striking similarities in morphological and 
biological properties, traditional brown fat and inducible beige adipocytes are derived 
from distinct cell origins during embryonic development (Seale et al., 2008, Wu et al., 
2012, Long et al., 2014). In rodents, traditional brown adipocytes are originated from 
the skeletal muscle lineage (Seale et al., 2008), whereas at least a subset of beige cells 
arise from the smooth muscle origin (Long et al., 2014). A recent study shows that 
human brown adipocytes possess molecular features similar to those of rodent beige 
cells (Shinoda et al., 2015a). We used the brown fat cell BAT1 in this study. Thus, it is 
not clear whether the role of HDAC1 in regulating brown adipocyte function can be 
extrapolated to beige cells. Additional studies, involving knockdown or overexpression 
of HDAC1 in beige lineage cells, will be warranted to determine the role of HDAC1 in 
the regulation of beige cell function. 
In the present study, we investigated the role of HDAC1 in brown fat gene expression 
at the mature adipocyte stage. It has been reported that HDAC1 inhibits white 
adipocyte differentiation by deacetylating H4 at the promoter of C/ebpα, an important 
regulator of adipogenesis (Wiper-Bergeron et al., 2003). In addition, we find that 
HDAC1 RNA and protein levels are down-regulated during brown adipocyte 
differentiation. Thus, it would be interesting to study whether HDAC1 also regulates 
brown adipogenesis and subsequently affects the brown fat thermogenic program. 
  In summary, we have identified HDAC1 as a negative regulator of brown adipocyte 
thermogenic program. Our data show that HDAC1 is down-regulated during brown 




Overexpressing HDAC1 blocks, whereas knocking down HDAC1 further enhances, β-
adrenergic agonist-stimulated BAT-specific gene expression in brown adipocytes. 
Remarkably, HDAC1 physically interacts with PRC1/2 complexes, and activation of β-
adrenergic signaling dissociates HDAC1 along with PRC1/2 complexes 
from UCP1 and PGC1α promoters and concomitantly recruits UTX to these promoters, 
leading to increased H3K27 acetylation and decreased H3K27me3 levels in these 
promoters. These coordinated changes switch the transcriptional repressive state to 
the transcriptional active state at the promoters of UCP1 and PGC1α, which in turn 
activates the brown thermogenic program. Thus, our data demonstrate that HDAC1 
negatively regulates brown adipocyte gene expression by coordinated regulation of 
H3K27 deacetylation and methylation, and inhibiting HDAC1 promotes the brown 
adipocyte thermogenic program. Targeting HDAC1 may be a novel therapeutic target 








2.6 Figures of specific aim 1 
 
 
Figure 1 The expression pattern of HDAC1.  
A, reducing HDAC1 expression by siRNA knockdown in HIB-1B brown 
adipocytes up-regulates norepinephrine (NE)-stimulated UCP1 
expression. HIB-1B cells were transfected with scramble siRNA or siRNAs 
targeting individual HDACs. After 48 h, cells were treated with or without 
1 µM NE for 4 h, and RNA was isolated for gene expression measurements. 
Class I HDACs are shown in blue. B, UCP1 and HDAC1 protein levels in 
BAT and epididymal (Epi) WAT from C57BL/6J (B6) mice. C and D, UCP1 
and HDAC1 mRNA (C) and protein (D) levels in BAT1 and HIB-1B brown 
adipocytes during differentiation. E and F, HDAC1 expression in A/J 
mouse BAT tissues exposed to 4 °C at the indicated time (E) or treated with 
β3-agonist CL-316,243 for seven days. Data are expressed as mean ±S.E. 
(error bars). *p< 0.05 versus undifferentiated samples (C), time 0 (E), or 





Figure 2 Reducing HDAC expression promotes Brown-specific gene 
expression in BAT1 brown adipocytes.  
BAT1 brown adipocytes were transfected with scramble or HDAC1 siRNA. 
Two days later, cells were treated with isoproterenol (Isop; 1µM) for 3 h, 
and RNA and protein were isolated for gene expression and protein level 
measurements. A, HDAC1 mRNA and protein levels in scramble or HDAC1 
siRNA-transfected cells. B–D, the mRNA levels of various genes in 
scramble or HDAC1 siRNA-transfected cells. n=6–8/group. E, UCP1 
protein levels in scramble or HDAC1 siRNA-transfected cells. Left, UCP1 
immunoblot; right, quantitation of UCP1 protein levels normalized to α-
tubulin. n=3/group. Data are expressed as mean ±S.E. (error bars). *p 





Figure 3 HDAC1 overexpression attenuates mRNA expression of Brown-
specific genes.  
BAT1 brown adipocytes were transfected with pSPORT vector or HDAC1 
cDNA. Two days later, cells were treated with isoproterenol (isop; 1 µM) 
for 3 h, and RNA and protein were isolated for gene expression and 
HDAC1 protein level measurements. A, HDAC1 protein levels in BAT1 cells 
transfected with pSPORT vector or HDAC1 cDNA. B and C, expression 
levels of BAT-specific genes in BAT1 cells transfected with pSPORT vector 
or HDAC1 cDNA. Data are expressed as mean ±S.E. (error bars) n=6–





Figure 4 HDAC1 negatively regulates Brown-specific gene expression in 
HIB-1B brown adipocytes.  
A–D, reducing HDAC1 expression by siRNA knockdown in HIB-1B cells 
promotes Brown-specific gene expression. HIB-1B brown adipocytes were 
transfected with scramble or HDAC1 siRNA. Two days later, cells were 
treated with 1µM NE for 4 h, and RNA was isolated for gene expression 
analysis, including HDAC1 (A); UCP1 (B); PGC1α, PGC1β, Cox1, and Acox1 
(C); and CIDEA, PRDM16, CPT1B, and PPARα (D). E, HDAC1 
overexpression attenuates UCP1 mRNA levels. HIB-1B cells were 
transfected with pSPORT vector or HDAC1-overexpressing plasmids. Two 
days later, cells were treated with 1 µM NE for 4 h, and mRNA levels of 
UCP1 were measured by RT-PCR. Data are expressed as mean ±S.E.(error 






Figure 5 HDAC1 mediates the effects of class I HDACi MS-275 on BAT-1 
brown adipocyte gene expression.  
A–C, isoproterenol (Isop)-stimulated gene expression in BAT1 cells 
treated with different concentration of pan-HDACi TSA (A), SAHA (B), 
and the class I HDACi MS-275 (C). D, isoproterenol-stimulated gene 
expression in BAT1 cells treated with MS-275 (5 μM) or HDAC1 siRNA 
individually or in combination. Data are expressed as mean ± S.E. (error 






Figure 6 HDAC1 regulates H3K27ac at PGC1α and UCP1 promoters.  
A, schematic illustration of promoter/enhancer regions of UCP1 and 
PGC1α genes. B–D, β3-adrenergic agonist CL-316,243 treatment 
dissociates HDAC1 from UCP1 and PGC1α promoters in BAT of A/J mice. 
A/J mice were treated with CL-316.243 for the indicated time, and BAT 
was collected for a ChIP assay to measure HDAC1 binding to UCP1 and 
PGC1α promoters as described under “Materials and Methods.” E, 
isoproterenol treatment dissociates HDAC1 from UCP1 and PGC1α 
promoters in BAT1 brown adipocytes. BAT1 cells were treated with 
isoproterenol (Isop; 1 μM) for 3 h. Cells were collected, and ChIP assays 
were performed to measure HDAC1 binding to UCP1 and PGC1α 
promoters. F and G, H3K27ac levels in UCP1 and PGC1α promoters in 
BAT1 brown adipocytes. In F, BAT1 cells were transfected with scramble 
or HDAC1 siRNA for two days; in G, BAT1 cells were transfected with 
pSPORT6- or pSPORT6-HDAC1-overexpressing plasmids for two days. 
Cells were then treated with 1 μM isoproterenol for 3 h. A ChIP assay was 
performed as described under “Materials and Methods.” H, histone H3 
lysine 14 (H3K14ac) and histone H3 lysine 9 (H3K9ac) levels in UCP1 and 
PGC1α promoters in BAT1 cells transfected with scramble or HDAC1 
siRNA. Data are expressed as mean±S.E. (error bars). n = 4–6. *p<0.05. 





Figure 7 HDAC1 regulates trimethylation of H3K27me3 at UCP1 and 
PGC1α promoters through coordinated regulation of EZH2 and UTX 
binding to BAT-specific promoters.  
A–F, H3K27me3 levels (A and B), EZH2 (C and D), and UTX binding (E 
and F) at UCP1 and PGC1α promoters in BAR1 cells. BAT1 brown 
adipocytes were transfected with scramble or HDAC1 siRNA (A, C, and E) 
or pSPORT6- or pSPORT6-HDAC1-overexpressing plasmids (B, D, and F). 
Two days later, cells were treated with or without isoproterenol (Isop; 1 
μM) for 3 h, and a ChIP assay was performed as described under 
“Materials and Methods.” Data are expressed as mean ± S.E. (error bars). 





Figure 8 HDAC1 regulates the recruitment of polycomb repressor 
complexes to UCP1 and PGC1α promoters.  
A–D, SUZ12 and RNF2 binding at UCP1 and PGC1α promoters in BAT1 
cells. BAT1 brown adipocytes were transfected with scramble or HDAC1 
siRNA (A and B) or pSPORT6- or pSPORT-HDAC1-overexpressing 
plasmids (C and D). Two days later, cells were treated with or without 
isoproterenol (Isop; 1 μM) for 3 h, and a ChIP assay was performed as 
described under “Materials and Methods.” E and F, HDAC1 interacts with 
EZH2, SUZ12, and RNF2. In E, HEK293T cells were transfected with 
pSPORT vector or co-transfected with HDAC1, EZH2, SUZ12, and RNF2 
cDNA. Two days later, cell lysates were collected to detect protein 
interactions by co-IP. Left, overexpression of HDAC1, EZH2, SUZ12, and 
RNF2 was verified by immunoblotting using whole cell lysates. Right, IP 
of HDAC1 pulls down EZH2, SUZ12, and RNF2. In F, the interaction 
between HDAC1 and components of the polycomb repressor complexes in 
endogenous BAT1 cells was measured by co-IP. Data are expressed as 
mean ± S.E. (error bars) n = 4–6 in A–D. Blots in E and F are 
representative of two or three independent experiments. *p<0.05. n.s., 
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3  SPECIFIC AIM 2 
3.1 Abstract 
  High-fat diet induces obesity and related metabolic diseases. Activation of brown 
adipocyte tissue (BAT) thermogenic function is important for energy homeostasis. 
Here, we demonstrated that HFD dynamically remodeled BAT, inducing BAT 
thermogenesis at the early stage, whereas causing a BAT-to-skeletal muscle switching 
at the late stage. DNA methyltransferases (DNMTs) are important enzymes regulating 
DNA methylation, an epigenetic mark that repress gene expression involved in cell 
differentiation. Here, we demonstrated that DNMT1 mimicked HFD-induced obesity 
and BAT remodeling. BAT-specific DNMT1 deletion led to brown fat remodeling and 
switching to a muscle-like phenotype, which may be a maladaptive mechanism 
contributing to obesity-induced metabolic diseases including type 2 diabetes. Our data 
suggest that the normal function of DNMT1 may be to restrict myogenic gene 
expression and maintain brown fat function in brown adipocytes. As expected, brown 
adipocyte DNMT1 KO mice exhibited cold intolerance due to BAT dysfunction. In 
addition, DNMT1 KO mice were obese even on a regular chow diet, and developed 
HFD-induced obesity, primarily due to reduced whole-body energy expenditure. This 
was associated with profound insulin resistance and glucose intolerance. In addition, 
we found that DNMT1 regulated brown thermogenesis through targeting Myod1, 
which is an important transcriptional factor involved skeletal muscle cell development. 
DNMT1 KO reduced DNA methylation at Myod1 gene promoter and increased its gene 




brown fat-specific gene expression including UCP1. Thus, our results establish brown 
adipocyte DNMT1 as a positive regulator of brown adipocyte thermogenesis by 
inhibiting myogenic transcriptional factor Myod1.    
 
3.2 Introduction 
  DNA methylation at cytosine-guanine dinucleotide (CpG) sites is one of the most 
common epigenetic modification (Paluch et al., 2016). Multiple enzymes regulate DNA 
methylation and demethylation status. For example, de novo DNA methyltransferases 
DNMT3A and DNMT3b initiate DNA methylation, and DNMT1 maintains established DNA 
methylation. (Ko et al., 2005). It is recently uncovered that TET proteins including Tet1, 
Tet2 and Tet3 play essential roles in DNA demethylation through catalyzing 
conversion of 5-methylcytosine (5mc) to 5-hydroxymethylcytosine (5hmc), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a step-wise oxidation reactions. 
5-fC and 5-caC can then be converted back to the unmethylated cytosine (Tahiliani et 
al., 2009, Pronier et al., 2011). Hypo-methylated promoter regions of a gene result in 
its gene activation, whereas hyper-methylated gene promoter leads to gene silence. 
For example, UCP1 gene transcription is associated with its reduced methylation levels 
at CpG sites within the promoter enhancer region (Shore et al., 2010). On the one hand, 
the repressive effects of DNA methylation on gene transcription is partially due to its 
interference with the binding of certain transcriptional factors to their gene promoters. 
On the other hand, it might be due to methylated CpGs recruiting repressive enzymes 




reported that DNMT1 activity is associated with HDAC activity, and histone 
acetylation is associated with DNA methylation inhibition. These data indicate the 
cross-talk between DNA methylation and histone acetylation.  
  DNA methylation level at gene promoter is influenced by aging and environmental 
triggers such as diet and cold exposure (Ko et al., 2005). Through associated 
chromatin changes, such epigenetic modification can affect human diseases such as 
obesity. It is important to understand whether alterations of genes encoding enzymes 
related to epigenetic modification are associated with metabolic diseases such as 
obesity. It is demonstrated that DNMT1 gene expression in white adipocytes is 
upregulated in db/db mice and in wild-type mice fed high-fat diet (Xia et al., 2014, 
Kim et al., 2015). Moreover, DNMT1 gene expression in human white adipocytes 
positively correlates with body mass index (Sharma et al., 2015). These findings 
suggest that DNMT1 may play a crucial role in adipocyte differentiation. However, 
there is no study to identify the role of DNMT1 in the regulation of brown adipocyte 
development and activity.  
  In this study, we found that prolonged HFD feeding induced reprogramming of 
brown adipocyte into skeletal muscle-like cells. In addition, we identified DNMT1 as 
an important epigenetic mechanism in regulating the brown fat reprogramming 
during HFD feeding. Using Cre/lox recombination system, we specifically deleted 
DNMT1 in mature brown adipocytes (DNMT1f/f-UCP1-Cre+/-). We found that 
DNMT1 deletion mimicked HFD-induced obesity and insulin resistance. We also 




transcription of brown adipocyte-specific genes, whereas activated transcription of 
myogenic genes through targeting DNA methylation at Myod1 promoter. 
Consequently, DNMT1 deletion impaired brown fat thermogenesis and induced 
obesity and insulin resistance. Overall, our data suggest that DNA methylation plays 
an important role in brown adipocyte thermogenesis, and DNMT1 might be an 
important regulator during this process. Understanding the role of DNMT1 in brown 
adipocyte function and insulin sensitivity will enable us to develop novel and targeted 
therapeutic interventions for metabolic diseases. 
 
3.3 Materials and methods 
3.3.1 Mice 
  Brown adipocyte-specific DNMT1 knockout mice were created by crossing DNMT1-
floxed mice with UCP1-Cre mice (Jackson Laboratories #024670), where UCP1 is 
specifically expressed in brown adipocytes. DNMT1-floxed mice were generated by 
inserting two loxP sites on both sides of exon 4-5 of DNMT1 (Jackson-Grusby et al., 
2001).When crossed with a tissue-specific Cre model, Cre-dependent cleavage will 
result in a truncated DNMT1 protein that lacks catalytic activity.  C57BL/6J (B6) mice 
(Jackson Laboratories) were used in some experiments. All mice were fed chow diet 
(LabDiet 5001, fat content 13.5% by calorie) or HF diet (D12492, 60% calories from 
fat, Research Diets Inc.). All mice were housed with a 12/12 h light–dark cycle in 
temperature- and humidity-controlled rooms with free access to water and food. To 




week old mice to cold condition (5°C) up to seven days. Body temperature was 
monitored during cold exposure by a temperature transponder (BioMedic Data 
Systems, Seaford, DE) implanted into the peritoneal cavity (Nguyen et al., 2017). After 
cold exposure, mice were sacrificed. Brown adipose tissues and white adipose tissues 
were harvested for measuring gene expression or protein levels. All aspects of animal 
care were approved by Georgia State University’s Animal Care and Use Committee.  
3.3.2 Metabolic measurements 
  Body weight was measured weekly during the whole process of the experiment in 
both DNMT1 KO and fl/fl control mice fed chow or HFD. Body composition (fat mass 
and lean mass) were measured by using a Minispec NMR Body Composition Analyzer 
(Bruker BioSpin Corporation; Billerica, MA). Food intake was measured over seven 
consecutive days. Total food intake during seven days was analyzed and normalized 
per body weight. Metabolic Phenotyping was performed in the TSE Comprehensive 
Laboratory Animal Monitoring System (TSE Systems, Chesterfield, MO). Mice were 
singly housed in metabolic chambers for over seven consecutive days.  Tail blood was 
harvested at fed or after overnight fast for blood glucose measurement by OneTouch 
Ultra Glucose meter (LifeScan, Inc., Milpitas, CA) and serum insulin measurement by 
enzyme-linked immunosorbent assay (ELISA) (CrystalChem, Downers Grove, IL). 
Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) were performed as 
previously described (Wang et al., 2011, Yang et al., 2012). For GTT, KO and 
CONTROL mice were overnight fasted , and glucose values from tail blood were 




administration (1mg/kg body weight) (Andrikopoulos et al., 2008). For ITT, KO and 
fl/fl mice were fasted for four hours, and then glucose values from tail blood were 
measured at time 0, 15, 30, 60, 90, 120 minutes after intraperitoneal insulin 
administration (0.75 U/kg body weight) (McGuinness et al., 2009). At the end of diet 
treatment, mice were euthanized, and brown and white adipose tissues were collected 
for measuring the expression of thermogenic genes (such as UCP1, PRDM16, and 
PGC1α). 
3.3.3 HE staining, immunofluorescence (IF) and immunohistochemistry 
(IHC) 
  Brown adipose tissues (BATs) and white adipose tissues (WATs) were fixed in 10% 
formalin and embedded in Paraffin. Paraffin-embedded sections were cut into 5 μm 
sections. Sections were processed for hematoxylin and eosin (HE) staining. For 
fluorescence detection, Paraffin-embedded sections were incubated with anti-myosin 
heavy chain (Myh1) antibody (MF20, Developmental Studies Hybridoma Bank 
(DSHB), Iowa) overnight at 4˚C and then incubated with anti-mouse secondary 
antibodies labeled with Alexa fluor 488 (Invitrogen) for 1 hour at room temperature 
and counterstained with 4′,6-diamidino-2-phenylindole (DAPI). For in vitro study, 
cell cultures were fixed in 10% formalin. Fixed cells were incubated with anti-Myh1 
antibody overnight at 4˚C and then incubated with anti-mouse secondary antibodies 
labeled with Alexa fluor 594 (Invitrogen) for 1 hour at room temperature and 
counterstained with DAPI. For IHC, Paraffin-embedded sections of BATs were 




incubated with biotin-conjugated anti-rabbit secondary antibody (Jackson 
ImmunoResearch, 711-065-152) for 30 min at room temperature. The sections were 
washed in PBS and incubated with streptavidin-conjugated horseradish Peroxidase 
(VECTASTAIN® ABC Kit, PK-6100). Then the sections were washed in PBS and 
incubated with 3, 3-diaminobenzidine (DAB). Histology images were captured using 
Nikon Eclipse E800 Microscopy as previously described (Fu et al., 2015a). 
3.3.4 Cell Culture 
  Immortalized brown fat preadipocytes (BAT1) were maintained in DMEM/F12 
containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in the 
presence of 5% CO2.  BAT1 cells were kindly provided by Dr. Patrick Seale, University 
of Pennsylvania (Seale et al., 2007, Rajakumari et al., 2013). To differentiate brown 
preadipocytes, 90% confluent cells were cultured in induction medium containing 
20nM insulin, 1nM T3, 125μM indomethacin, 500μM isobutylmethylxanthine (IBMX) 
and 0.5μM dexamethasone. After two days, cells were cultured in maintenance 
medium containing 20nM insulin and 1nM T3. At day 6, all of cells were differentiated 
as previously described (Rajakumari et al., 2013). To activate thermogenic genes, 
brown adipocytes were treated with 1μM isoproterenol for 3 hours. 
3.3.5 Oil-red-O staining 
  BAT1 cells were grown in 6-well plate. Differentiated BAT1 cells were washed twice 
with PBS, then incubated with 10% formalin for 1 hour. Fixed cells were washed twice 




solution for 1 hour. Cells were then washed three times with ddH2O. Samples were 
visualized using Nikon Eclipse E800 Microscopy. 
3.3.6 small interfering RNA (siRNA) transfection  
  Mouse DNMT1 siRNA-SMART pool (L-056796-01), Myod1 siRNA-SMART pool (L-
041113-00), KLF2 siRNA-SMART pool (L-046974-01), Nr4a1 siRNA-SMART pool (L-
040970-01), Nr4a2 siRNA-SMART pool (L-048281-01), Nr4a3 siRNA-SMART pool 
(L-043983-01) and non-targeting scramble siRNA were purchased from GE 
Healthcare. siRNAs were transfected into BAT1 brown adipocytes by Amaxa 
Nucleofector II Electroporator (Lonza) using Amaxa cell line nucleofector kit L 
according to the manufacturer's instructions (Lonza). Briefly, at days 4–6 of 
differentiation, cells (2 × 106 cells/sample) were trypsinized and centrifuged at 90 × g 
for 5 min at room temperature. Cell pellet was resuspended in nucleofector solution 
(100 μl/sample) with 20 pmol of siRNA and seeded into 24-well plates or 100 mm 
dishes. Cells were treated with isoproterenol for 3 hours two days after transfection. 
3.3.7 Quantitative real-time RT-PCR  
  Total RNA was extracted with TRI-Reagent (Molecular Research Center) according 
to the manufacturer’s instructions. Messenger RNAs (mRNA) were quantified by RT-
PCR using the TaqMan one-step RT-PCR Master mix (Life technologies). Cyclophilin 
was used as an internal control which is described in Methods sections under SA1. The 
primer and probe pairs used for myogenic genes were purchased from Applied 




3.3.8 RNA sequencing  
  Total RNA was isolated from brown adipose tissues (BATs) of chow-fed DNMT1 KO 
and fl/fl mice as noted above. Subsequently, total RNA was treated with RNase-free 
DNase I to remove residual DNA. mRNA was purified from 2 μg of total RNA using 
beads containing oligo (dT). mRNA Libraries were prepared according to the 
Illumina’s protocol as previously described (Peng et al., 2012, Ren et al., 2012). 
Sequencing was performed on the Illumina-HiSeq2000. RNA sequencing data were 
aligned using TopHat. Clean reads were aligned to the reference genome (UCSC mm9) 
and transcriptome using SOAP2. Gene sets were considered to have a difference in 
expression with a fold change of 1.5 or greater, and FDR<0.001. 
3.3.9 Immunoblotting 
  Protein (25μg) was separated by sodium dodecyl sulfate polyacrylamide gel and 
transferred to polyvinylidene difluoride (PVDF) membranes, which was blocked with 
5% fat-free milk (2h, room temperature), as described in Methods sections under SA1. 
The Protein expression levels were measured by immunoblotting. Antibodies against 
UCP1 were from abcam (ab23841). Antibodies against α-Tubulin were from Advanced 
Biochemicals (ABCENT4777). 
3.3.10 Chromatin immunoprecipitation (ChIP) assay 
  ChIP assay was performed using a ChIP assay kit (Upstate), as described in Methods 
sections under SA1. Eluted DNA was analyzed by real-time PCR using SYBR green. 




3.3.11 Bisulfite conversion and pyrosequencing 
  Genomic DNA was harvested by phenol/chloroform extraction. Bisulfite conversion 
was performed by using EpiTech Bisulfite Kit (Qiagen). The primers used to amplify 
Myod1 proximal promoter near transcriptional start sites/differentially methylated 
regions (DMRs) covering CpG sites are shown in Table 7. Bisulfite-converted DNA 
(about 2μg) was amplified by PCR and pyrosequencing was performed by EpiGenDx 
(Hopkinton, MA).  
3.3.12 Statistical Analysis 
  Data were expressed as mean ±SEM. Statistical tests were performed using SPSS 
software (version 23, SPSS Inc, Chicago, IL, USA). Two groups comparison was 
performed by Student-Newman-Keuls test. One-way Analysis of Variance (ANOVA) 
was used to perform multiple comparisons. Two-way ANOVA with Bonferroni post 
hoc tests were used when both genotypes and treatments were compared.  Statistical 
significance was accepted at P<0.05. Figures were prepared using GraphPad Prism 5 
(GraphPad Software, San Diego, CA).  
 
3.4 Results 
3.4.1 High-fat diet (HFD) reprograms brown fat to a muscle-like 
phenotype and modulates brown fat thermogenic function.  
  Recent studies have identified metabolic derangements in mice fed high-fat diet 
(HFD) (Yoshioka et al., 1992, Putti et al., 2015, Haque and Ansari, 2018). Acute HFD 




substrates including free fatty acids, which function as fuels and activate UCP1 
(Rothwell et al., 1983, Shi et al., 2017). However, whether prolonged HFD feeding 
induces BAT reprogram is unknown. Here, we found that compared to chow-diet 
feeding, HFD feeding significantly increased UCP1 mRNA levels in BATs at the short 
term (from 1 week to 12 weeks), but the degree of increase gradually reduced (Fig. 9A). 
Interestingly, the increase in UCP1 mRNA disappeared after 24-week HFD feeding 
(Fig. 9A). To our surprise, RNA-seq data showed that HFD feeding (24-week) 
significantly upregulated groups of myogenic gene expression in BATs (Fig. 9B), which 
was further confirmed by real-time PCR (Fig. 9C). In parallel to this increase, Myh1 
protein was increased in BAT in HFD-fed mice as measured by Myh1 
immunofluorescent staining (Fig. 9D). In addition, we found a reciprocal relationship 
between UCP1 and myogenic gene expression. While short-term HFD feeding (1-12 
week) dramatically reduced Myod1, Myog and Myh1 expression, prolonged HFD 
feeding (24 weeks - 1 year) significantly increased these gene expression (Fig. 9E-G). 
In contrast, the expression pattern of UCP1 is opposite to that of myogenic gene 
expression, with gradual decrease in UCP1 expression corresponding to the gradual 
increase of the myogenic gene expression during HFD feeding (Fig. 9H). Moreover, 
myogenic genes including Myod1, Myog and Myoh1 were negatively correlated with 
UCP1 gene (Fig. 9I). Thus, our data suggest that after an initial increase in diet-induced 
thermogenesis, prolonged HFD feeding might induce brown adipocyte 




3.4.2 Deficiency of DNMT1 promotes myogenic gene expression and 
prevents brown thermogenic gene expression in brown adipocytes. 
  DNA methylation status is associated with gene transcriptional repression which 
plays important roles in cell differentiation (Yang et al., 2016). DNA methylation status 
of UCP1 promoter is associated with organ-specific expression of UCP1. DNA 
methyltransferase 1 (DNMT1) is a major enzyme for maintenance of DNA methylation 
(Ko et al., 2005). We found that DNMT1 gene expression increased during brown 
adipocyte development (data not show). Therefore, we asked whether DNMT1 
regulates UCP1 gene expression in brown adipocytes. We used Cre/loxp mouse models 
to generate mice with brown adipocyte specific deletion of DNMT1 to investigate the 
effects of DNMT1 on thermogenic activity of brown adipocytes. Using RNA sequencing 
(RNA-seq), we compared gene expression in brown adipose tissues (BATs) between 
fl/fl control and DNMT1 knockout (KO) mice. Consistent with the inhibitory function 
of DNMT1, many genes were induced by DNMT1 deletion. We identified 98 
upregulated genes in BATs from DNMT1 KO mice fed chow diet compared to that of 
fl/fl mice. To our surprise, among the upregulated genes, most of them are involved in 
skeletal myogenesis, for example, Myod1, creatine kinase, muscle (CKM), myosin 
heavy polypeptide 1 (Myh1), Myh4, ATPase Ca++ transporting, cardiac muscle fast 
twitch 1 (Atp2a1), and myogenin (Myog) (Fig. 10A). DNMT1 deletion-mediated 
increase in myogenic gene expression was confirmed by using real-time PCR (Fig. 10B). 
In parallel to this increase, we observed a decrease in brown thermogenic gene 




containing protein 16 (PRDM16), early B-cell factor-2 (EBF2), early B-cell factor-3 
(EBF3), epithelial V-like antigen 1 (EVA1), otopetrin 1 (OTOP1), cell death-inducing 
DFFA-like effector a (CIDEA), Fibroblast growth factor 21 (FGF21), cytochrome c 
oxidase 1 (COX1) and acyl-CoA oxidase 1 (ACOX1) (Fig. 10C). In addition, DNMT1 
deletion significantly decreased UCP1 protein expression BATs (Fig. 10D and E), 
whereas increased myh1 protein expression in BATs (Fig. 10F). 
  Similar results were observed in BAT1 brown adipocyte cells line. DNMT1 knockdown 
resulted in an increase in myogenic gene expression including Myog, Myod1, CKM 
(creatine kinase, muscle), Myh1 (myosin, heavy polypeptide 1, skeletal muscle), Acta1 
(actin, alpha 1, skeletal muscle), Mfsd2a (major facilitator superfamily domain 
containing 2A), Ttn (titin) (Fig. 10G). Similarly, DNMT1 knockdown resulted in 
decreases in brown specific gene expression including UCP1, EBF2, EBF3 and PGC1α 
(Fig. 10H). As expected, by day 5 of brown adipogenic differentiation, cultured BAT1 
cells with scrambled siRNA had undergone normal brown adipocyte differentiation, 
corresponding to significant oil red O staining (Fig. 10I). In contrast, differentiated 
BAT1 cells with DNMT1 siRNA had significantly reduced oil red O staining (Fig. 10I) 
and contained muscle-like cells, which were positively stained with skeletal myocyte 
marker Myh1 (in red fluorescence) (Fig. 10J). These data strongly suggest that loss of 
DNMT1 switch brown thermogenesis to myogenesis leading to dysfunctional BATs.  
3.4.3 Deletion of DNMT1 in brown fat results in the impairment of cold-
induced brown fat thermogenesis. 




investigate the role of DNMT1 in the regulation of brown fat thermogenic function, 
DNMT1 KO and fl/fl control mice were exposed to cold condition (5 °C) for up to seven 
days and core body temperature was monitored during the cold exposure. We 
observed that the temperature of fl/fl mice dropped about 1.7°C, while that of DNMT1 
KO mice dropped about 3.5°C during an acute 4-hr cold exposure, indicating KO mice 
had impaired cold-induced thermogenesis (Fig. 11A and B). As expected, DNMT1 KO 
reduced cold-induced UCP1 expression and the other brown specific- and beige-
specific gene expression in BATs compared to that in fl/fl (Fig. 11C). Consistent with 
decreased UCP1 mRNA levels, DNMT1 KO mice had a significant decrease in UCP1 
protein levels in BATs (Fig. 11D). In contrast, myogenic gene expression such as Myod1, 
Myog, CKM, Ttn, Mfsd2a, and Acta1 was elevated in BATs of DNMT1 KO mice relative 
to that of fl/fl mice (Fig. 11E). Consistent with having hypoactive thermogenesis, 
DNMT1 KO mice had more lipid accumulation in BAT (Fig. 11F). These data 
demonstrated that DNMT1 deletion impaired cold-induced brown fat thermogenesis.  
3.4.4 Deletion of DNMT1 in brown fat results in obese and insulin 
resistance. 
  To determine effects of DNMT1 on brown adipose thermogenic function and its 
consequences on whole body physiology and metabolism, DNMT1 KO and fl/fl mice 
were fed either chow diet or High-fat diet (HFD). In chow diet groups, DNMT1 KO 
mice on both female and male were more obese than fl/fl mice over 12 weeks after 
birth (Fig. 12A and Fig. 13A). Mice with deletion of DNMT1 had higher fat mass and 




percentage of fat mass in DNMT1 KO mice was primarily due to higher WATs depots 
without change in BAT depots which were measured by dissection at the time of 
sacrifice (Fig. 12C). The difference of WATs depots remained after adjusting for body 
weight (Fig. 12D). Morphology analysis showed that the size of adipocytes in BAT and 
WATs of DNMT1 KO mice was larger than that of CONTROL mice (Fig. 12E). These 
data suggested that DNMT1 deletion in brown fat induces obese phenotype.  
  To determine whether obesity in BAT-specific DNMT1 KO mice is due to changes in 
food intake or energy expenditure, we put BAT-specific DNMT1 KO and fl/fl mice into 
the TSE metabolic cage systems. Compared to fl/fl mice, DNMT1 KO mice exhibited 
decreases in oxygen consumption, CO2 production and energy expenditure in dark 
cycle without change in light cycle (Fig. 12F-H). There is no change in respiration 
exchange rate (Fig. 12I) and physical activity (Fig. 12J) between DNMT1 KO and 
CONTROL mice. In addition, DNMT1 KO mice ate less than fl/fl mice, possibly 
secondary to reduced energy expenditure in KO mice (Fig. 12K). These data suggest 
that mice with BAT-specific DNMT1 deletion are prone to developing obesity even on 
a regular chow diet. This is primarily due to decreased energy expenditure in KO mice, 
but not due to any changes in physical activity or food intake.  
  Consistent with the increase in body weight and decreases in whole body energy 
expenditure in DNMT1 KO mice, significant change in insulin sensitivity was apparent. 
At 5-month age, although there was no difference in fed and fasted blood glucose levels 
between chow-fed DNMT1 KO and fl/fl mice, BAT-specific DNMT1 KO mice exhibited 




(Fig. 12L). Both male and female DNMT1 KO mice showed impaired glucose and 
insulin tolerance when compared to fl/fl mice (Fig. 12M-N and Fig. 13C-D). These 
results indicate that DNMT1 deletion in brown fat results in obesity and insulin 
resistance in vivo.  
  Similar results were observed on HFD-fed mice. Both female and male DNMT1 KO 
mice exhibited higher body weight (Fig. 14A and Fig. 15A), higher fat mass, lower lean 
mass (Fig. 14B), higher weight of WAT depots (Fig. 14C and Fig. 15B-C). DNMT1 KO 
mice also showed larger size of adipocytes in BAT and WATs (Fig. 15D). Female 
DNMT1 KO mice had higher serum insulin level and similar blood glucose levels 
compared with fl/fl mice (Fig. 14D). In addition, DNMT1 deletion in brown fat resulted 
in HFD-induced glucose intolerance and insulin resistance (Fig. 14E-F and Fig. 15E-
F). Furthermore, mice with brown fat loss of DNMT1 had decreased oxygen 
consumption, CO2 production and energy expenditure (Fig. 14G-I and Fig. 15G-I) 
without change in RER and physical activity (Fig. 14J-K and Fig. 15J-K). Consistent 
with lower metabolic rate, DNMT1 KO mice had decreased brown thermogenic gene 
expression including UCP1 (Fig. 15L) and decreased UCP1 protein express in BAT (Fig. 
15M). In summary, these data suggest that BAT-specific DNMT1 deletion impaired 
brown fat thermogenic function and whole body energy metabolism, consequently 
resulting in insulin resistance.  
3.4.5 DNMT1 regulates myogenesis and thermogenesis in BATs through 
targeting Myod1 




al., 2008). There are some important transcriptional factors determining cell fate 
switching between brown adipocytes and skeletal myocytes. For example, Myod1 is a 
master regulator for muscle development and a repressor for brown fat development 
(Seale et al., 2008). Myod1 gene expression could be induced by 5-Aza (as an inhibitor 
of DNA methyltransferases) (Constantinides et al., 1977). Nuclear receptors are 
important transcriptional factors including Nr4a1, Nr4a2 and Nr4a3 which are 
expressed both in adipose tissues and skeletal muscle. DNMT1 is reported to regulate 
cell differentiation through directly repressing NR4as (Chen et al., 2016b). 
Overexpression of Nr4as suppresses adipocyte differentiation (Chao et al., 2008), but 
promotes skeletal myocyte differentiation (Kanzleiter et al., 2009). In addition, 
Kruppel-like factors (KLFs) regulates critical aspects of cellular growth and 
differentiation. It is reported that KLF2 promotes skeletal muscle development 
(Sunadome et al., 2011). According to RNA-seq, we found some transcriptional factors 
induced by DNMT1 deletion involved in myogenesis such as Myod1, Nr4a1, Nr4a2, 
Nr4a3 and KLF2 (Fig. 10A), which indicates that Myod1, Nr4as or KLF2 might be the 
direct target of DNMT1. In our experiments, we found that in vivo brown fat 
development were associated with significantly increased UCP1 mRNA, which was 
accompanied by decreased Myod1 mRNA (Fig. 16A). In contrast, Nr4a1/2/3 and KLF2 
gene expression were increased during brown fat development (Fig. 17A). Cold-
induced brown thermogenesis was associated with increased UCP1 gene expression 
which was accompanied by decreased Myod1 (Fig. 16B), Nr4a1 and KLF2 gene 




during cold exposure. Nr4a3 mRNA was dramatically increased at 6 hours after cold 
exposure and dropped to the basal level at 24 hours after cold exposure (Fig. 17B). To 
determine the molecular mechanism by which DNMT1 deletion drives expression of 
myogenic genes, we performed chromatin immunoprecipitation followed by real-time 
PCR (ChIP-PCR) in BAT1 for DNMT1. We found that DNMT1 knockdown significantly 
decreased DNMT1 binding to myod1 promoter in brown preadipocytes and brown 
adipocytes. In addition, compared to preadipocytes, brown adipocytes exhibited high 
levels of DNMT1 binding to Myod1 promoter, which was reduced by DNMT1 
knockdown (Fig. 16C). Similar results were observed in Nr4as and KLF2 promoters. 
Mature brown adipocytes had higher levels of DNMT1 at Nr4as and KLF2 promoters, 
which was decreased by DNMT1 knockdown (Fig. 17C). We then wondered whether 
inhibition of Myod1, Nr4as or KLF2 reverses the role of DNMT1 knockdown-induced 
downregulation of brown thermogenic gene expression. To test this hypothesis, we 
simultaneously knocked down DNMT1 and individual transcriptional factors (Myod1, 
Nr4as and KLF2) in differentiated BAT1 cells. As expected, DNMT1 and Myod1 siRNA 
treatment resulted in significantly knockdown of DNMT1 and Myod1, respectively (Fig. 
16D). In addition, while DNMT1 KD significantly reduced BAT-specific gene 
expression, Myod1 KD significantly increased BAT-specific gene expression (Fig. 16D). 
More importantly, Myod1 knockdown reversed DNMT1 inactivation-induced 
inhibition of brown thermogenic gene expression including UCP1 and PGC1α (Fig. 
16D).As expected, Myod1 knockdown inhibited myogenic gene expression and 




and Acta1 (Fig. 16D). However, knocking down Nr4a1, Nr4a2, Nr4a3 or KLF2 either 
did not change UCP1 expression or did not reverse the reduced UCP1 expression by 
DNMT1 KD (Fig. 17D). These data indicate that Myod1 might be the direct target of 
DNMT1 in the regulation of cell fate switching between brown adipocyte and skeletal 
myocyte.  
  To confirm it, we investigated DNA methylation status of Myod1 gene. Considering 
that DNA methylation status of gene contributes to its organ-specific expression, we 
tested DNA methylation levels of Myod1 gene in brown adipose tissue (BAT) and 
skeletal muscle gastrocnemius (GAS). Previous data suggest that there is a differential 
methylated region (DMR) about 25kb upstream of Myod1 transcriptional start site that 
controls Myod1 expression (Liu et al., 2016). In addition, we have also identified an 
extensive CpG island at the proximal promoter, near the transcriptional start site (TSS) 
on Myod1 (Fig 19A) (by using the GT-Scan web-tool). Bisulfite sequencing showed that 
compared to GAS, BAT had significantly higher levels of DNA methylation near 
transcription start site (TTS) of Myod1 gene (Fig. 18A), but lower levels of DNA 
methylation at DMRs about 25kb upstream region of Myod1 gene (Fig. 19A). We also 
found that high expression of myogenic genes in GAS including Myod1, Myog and 
CKM, and high expression of brown thermogenic genes in BAT including UCP1 and 
PRDM16 (Fig. 18B). Therefore, we focused on DNA methylation status at Myod1 
proximal promoter.  
  As expected, inactivation of DNMT1 reduced DNA methylation at Myod1 promoter 




Myod1 gene could induce myogenic gene expression and prevent brown thermogenic 
gene expression in brown adipocytes. To target specific loci of DNA methylation, we 
fused a modified endonuclease dead version of CRISPR associated protein 9 (dCas9) 
with Tet1, an enzyme regulates DNA demethylation (Choudhury et al., 2016, Liu et al., 
2016). Co-expression of Myod1-specific guide RNA (Myod1-gRNA) targeted dCas9-
Tet1 to Myod1 specific locus will result in decreases DNA methylation on Myod1 gene 
without altering its DNA sequence, as dCas9 lacks endonuclease activity, as illustrated 
in Fig. 20A. To test whether dCas9-Tet1/Myod1-gRNA could reduce DNA methylation 
levels of Myod1 promoters and activate its gene expression, we transfected dCas9-Tet1 
with Myod1-gRNA or with scrambled gRNA into cultured BAT1 cells, and measured 
DNA methylation status of Myod1 and its gene expression. Bisulfite sequencing 
showed that transduction of dCas9-Tet1-Myod1-gRNA resulted in a significant 
decrease of DNA methylation in the Myod1 promoter region near its transcription start 
sites (Fig. 20B). As expected, Myod1 gene expression was increased in dCas9-Tet1-
Myod1-gRNA transfected group (Fig. 20C). In parallel, brown thermogenic genes 
including UCP1, PGC1α, EBF2 and PRDM16 were repressed in dCas9-Tet1-Myod1-
gRNA transfected group (Fig. 20C). These data suggest that demethylation of Myod1 
proximal promoter by dCas9-Tet1 with Myod1-gRNA resulted the switch of brown 





3.5 Discussion of specific aim 2 
  Recent studies of obesity and diabetes link high-fat diet (HFD) to hepatic steatosis 
(Kang et al., 2010), heart dysfunction (Birse et al., 2010), intramyocellular lipids (Baek 
et al., 2018), and adipose inflammation (Chalkiadaki and Guarente, 2012). However, 
its physiological role in brown adipose tissue (BAT) is not clear. Here, we find that 
HFD induces the reprogramming of brown adipocyte into skeletal muscle cells in BATs. 
For decades, BAT thermogenesis has been considered essential for burning extra 
energy to maintain metabolic health (Vinter et al., 1988), because BAT plays an 
important role in blood FFAs clearance and glucose disposal as well as non-thriving 
thermogenesis (Cannon and Nedergaard, 2004, Bartelt et al., 2011). The protein UCP1 
in BAT is capable of dissipating chemical energy such as free fatty acids (FFAs) to 
produce heat. Thus, the release of FFAs from fat stores (mainly in white adipose tissues) 
or absorption of FFAs from the diet is considered an important step in brown fat 
thermogenesis. FFAs from WATs or absorbed from the diet are delivered to BATs via 
circulation to act as a fuel substrate of thermogenesis (Bartelt et al., 2011). HFD 
feeding induces circulating energy substrates including blood glucose, plasma FFAs, 
glycerol and triglyceride (TG) (Bartelt et al., 2011). In C57BL/6 mouse models, we find 
that short-term HFD feeding (less than 12 weeks) promotes BAT thermogenesis 
evidenced by increases in UCP1 expression in BATs of HFD fed mice. Thus, our results 
confirm the observation that HFD feeding increases BAT thermogenesis and 
metabolic rate at least in the short term (Rothwell and Stock, 1979, Feldmann et al., 




resistance (Fu et al., 2015a, b). It is possible that hyperactive BAT may not combat 
HFD-induced increase in circulating energy substrates including FFAs, TG, and 
glucose. This is based on observations of high levels of glucose (Fu et al., 2015b), FFAs 
and TG (Fu et al., 2015a) in diet-induced obese mice. However, whether prolonged 
HFD induces BAT reprogramming is unknown.  
  Although short term HFD induces UCP1 gene expression compared to chow-diet 
feeding, this effect diminishes when HFD feeding prolongs. By contrast, RNA-seq 
shows that numerous myogenic genes in BAT are induced by long-term HFD feeding. 
In addition, we find that long-term HFD feeding significantly increases, whereas 
short-term HFD feeding dramatically inhibits myogenic gene expression including 
Myod1, Myh1, and Myog in BATs. An explanation for long-term HFD feeding-
mediated decrease in BAT-specific gene expression and increase in myogenic gene 
expression is that HFD may control switch of brown adipocyte to skeletal muscle cell 
determination. Brown adipocyte and myocyte share a common Myf5+ lineage origin; 
whereas PRDM16 promotes brown adipocyte lineage and suppresses myocyte lineage 
development, Myod1 does the opposite. Thus the interaction between the two 
transcriptional factors determines brown adipocyte and myocyte lineage development 
in BAT and skeletal muscle (Wang et al., 2017, Tosic et al., 2018). Thus, obese BAT 
might create an environment suitable for the cell fate determination switch from 
brown adipocyte progenitor to skeletal myofibrobasts, which alters BAT plasticity and 
precipitates the loss of thermogenic function in BAT. Indeed, we find that expression 




UCP1 gene expression in BATs during HFD feeding. Thus, our data suggest that HFD 
may impair brown fat thermogenesis through promoting skeletal muscle cell 
development in BATs. However, further studies are required to investigate how HFD 
triggers cell fate switching between myocyte and brown adipocytes in BAT. Overall, 
our data indicate that prolonged HFD causes BAT dysfunction, suggesting that obese 
phenotype and insulin resistance in HFD fed mice might be at least partially due to 
inactivity of brown adipose tissue.  
  Recent studies suggest that DNMTs are important epigenetic marks that are 
associated with the development of obesity (Chen et al., 2016b), and obesity 
development affects DNMT expression (including DNMT1, DNMT3A, and DNMT3B) 
and their enzymatic activity (Xia et al., 2014). However, the role of DNMTs in the 
regulation of brown adipocyte activity has not been studied. DNMT3a and 3b catalyze 
de novo methylation, whereas DNMT1 is a maintenance enzyme that maintains DNA 
methylation pattern during cell division (Ko et al., 2005). Here, we are surprised to 
find that DNMT1 deletion in brown adipocyte mimics HFD-induced brown fat 
reprogramming, leading to BAT dysfunction and contributing to obesity and insulin 
resistance. This is evidenced by followed observations. Firstly, obese phenotypes 
including increased body weight, increased fat mass, increased blood glucose, and 
insulin resistance are observed in BAT-specific DNMT1 KO mice even in regular chow 
diet condition. Secondly, BAT-specific DNMT1 KO leads to dysfunctional brown 
adipocytes with increased lipid accumulation and reduced Brown-specific gene 




like phenotype, indicating the decrease in brown fat thermogenic activity. Our data 
suggest that DNMT1 is important in maintaining brown fat cell phenotype and 
thermogenic function, and restricting skeletal myocyte lineage development. Indeed, 
we find that BAT-specific DNMT1 KO mice display decreased oxygen consumption and 
energy expenditure compared to their fl/fl littermate control mice. Activating brown 
fat thermogenesis alleviates metabolic diseases including type 2 diabetes and obesity 
(Himms-Hagen, 1979, Jun et al., 2014, Kim and Plutzky, 2016, Viana-Huete et al., 
2018). Thus our data suggest that DNMT1 deletion induces obesity and insulin 
resistance primarily through attenuating brown adipocyte activity.  
  Moreover, we observed the cold intolerance of DNMT1 KO mice. Compared to fl/fl 
control mice, BAT-specific DNMT1 KO mice had significantly more decreased body 
temperature during acute cold exposure. As BAT thermogenic function is essential for 
mammalian to maintain their body temperature and survive under cold condition 
(Griggio, 1982, Golozoubova et al., 2001, Nedergaard et al., 2001), our data suggest 
that DNMT1 deletion in brown adipocytes impairs cold-induced brown fat 
thermogenic function. Indeed, DNMT1 KO in brown adipocytes significantly down-
regulates brown fat-specific gene expression, indicating a positive association between 
DNMT1 and brown adipocyte thermogenic function. Thus, our data suggest that cold 
intolerance in DNMT1 KO mice is at least partially caused by BAT dysfunction.  
  DNA methylation is a reversible and dynamical process responding to the changes in 
nutrient status and physical stimuli which affect systemic energy homeostasis (Ko et 




the cytosine phosphor-guanine dinucleotide (CpG) sites in the genome (Paluch et al., 
2016). De novo DNMT3a and DNMT3b initiate DNA methylation, and DNMT1 
maintains established DNA methylation pattern during cell division. DNA methylation 
at the promoter regions leads to gene transcription repression. Overexpression of 
DNMT3a or DNMT3b promotes expression of genes involved in obesity and 
inflammation (Kamei et al., 2010, Yang et al., 2014). DNMT1 catalyzes methylation of 
genes involved in adipogenesis such as adiponectin and leptin (Xia et al., 2014, Kim et 
al., 2015), and myogenic genes such as FOXO1 and Myod1 (Wang et al., 2015, Yan et 
al., 2016). In the present study, RNA-seq data shows that Myod1 gene expression is 
upregulated in BAT in DNMT1 KO mice. Moreover, reduced representation bisulfite 
sequencing (RRBS) data indicate the hypomethylation in Myod1 promoter in BAT in 
DNMT1 KO mice (data not shown). These data suggest that Myod1 might be the direct 
target of DNMT1 in the regulation of brown adipocyte function. Indeed, sympathetic 
activation of BAT by cold stress is associated with downregulation of Myod1 gene 
expression. Our data are consistent with recent studies that Myod1 is a negative 
regulator of brown adipocyte development and activity (Seale et al., 2008, Borensztein 
et al., 2012, Yin et al., 2013).  Additional mechanistic studies with differentiated brown 
adipocyte cell lines (BAT1) further demonstrated an important role of Myod1 in 
DNMT1-mediated regulation of BAT thermogenic function. We find that DNMT1 
binds to myod1 gene promoter in differentiated BAT1 cells, which is significantly 
reduced by DNMT1 knockdown. Indeed, DNMT1 knockdown reduces DNA 




demethyltransferase TET1 at Myod1 promoter significantly decreases its DNA 
methylation levels and increases its gene transcription, which in turn inhibit brown 
specific gene expression including UCP1, PGC1α, EBF2 and PRDM16 in BAT1 cells. 
Thus, these data suggest that Myod1 may be a direct target of DNMT1-mediated 
regulation of brown adipocyte thermogenesis. As expected, double knockdown of 
DNMT1 and Myod1 reverses DNMT1 siRNA-induced inhibition of brown specific gene 
expression including UCP1 and PGC1α. Thus, our data suggest that DNMT1 promotes 
brown adipocyte thermogenesis through inhibiting Myod1. Recent studies 
demonstrate that Myod1 negatively regulates brown fat development through 
upregulating a myogenic microRNA miR-133 to repress brown specific mark PRDM16. 
Thus, it is possible that DNMT1 may be recruited to Myod1 promoters, leading to 
down-regulation of Myod1 expression. This will in turn inhibit its downstream cellular 
signaling cascades and mechanisms including miR-133 and PRDM16. Additional 
studies using animal models with CRISPR/dCAS9-mediated delivery of TET1 in 
Myod1 promoters directly into BAT tissues will be warranted to further demonstrate 
the important role of Myod1 in DNMT1-induced brown adipocyte thermogenesis.  
  It is reported that DNMT1 regulates cell differentiation through directly repressing 
the nuclear receptor subfamily 4 group A members (NR4a receptors) (Chen et al., 
2016b). Nuclear receptors are important transcriptional factors including Nr4a1, 
Nr4a2 and Nr4a3 which are expressed both in adipose tissues and skeletal muscle. 
Overexpression of Nr4a receptors suppresses adipocyte differentiation (Chao et al., 




study, we find that DNMT1 binds to Nr4a receptors and brown fat deletion of DNMT1 
upregulated expression of Nr4a receptors, which indicates that Nr4a receptors might 
be another targets of DNMT1. In addition, knocking down of Nr4a3, but not Nr4a1 or 
Nr4a2 reverses DNMT1 siRNA-mediated decrease in UCP1 gene expression. However, 
Nr4a3 gene expression is upregulated during brown fat development. Moreover, 
Nr4a3 gene expression is upregulated during acute cold exposure, whereas 
downregulated during prolonged cold exposure. Thus, it would be interesting to 
determine whether DNMT1 also regulates DNA methylation levels at other genes’ 
promoters including Nr4a3 to regulate their gene transcription in brown adipocytes. 
To more widely study epigenetic pathways targeted by DNMT1 in BAT, Reduced 
representation bisulfite sequencing (RRBS) will be needed to analyze the genome-
wide methylation profiles regulated by DNMT1 deletion in brown adipocyte.   
   
  In summary, our work unveiled a novel epigenetic pathway that regulates brown 
adipocyte-to-muscle switch. BAT-specific DNMT1 deletion mimicks HFD-induced 
brown fat remodeling to a skeletal muscle like phenotype, which might be a 
maladaptive mechanism contributing to obesity-induced metabolic diseases including 
type 2 diabetes. BAT-specific DNMT1 deletion prevented thermogenic gene expression; 
whereas promoted myogenic gene expression in brown adipocytes. We also find that 
DNMT1 deficiency mice exhibited cold intolerance, which is due to impairment of 
brown fat thermogenic function. Furthermore, loss of DNMT1 reduced whole-body 




glucose intolerance were observed in BAT-specific DNMT1 deficient mice. In addition, 
we find that DNMT1 regulated brown adipocyte thermogenesis through targeting 
Myod1, which is an important transcriptional factor involved skeletal muscle 
regeneration. DNMT1 deletion down-regulated DNA methylation of Myod1 gene and 
increased its gene transcription. Overall, DNMT1 plays important role in the 
regulation of classical brown fat thermogenesis. We find important role of DNMT1 in 
switch between brown adipocytes and myocytes. Most of recent studies focus on the 
role of DNMTs in the regulation of tumor development. Some DNMT inhibitors are 
under investigation for the treatment of cancers such as Myelodysplastic Syndromes 
(Mack, 2010). But our studies shift recent researches to a new focus on epigenetic 
regulation of DNMT1 in brown fat reprogramming and obesity. Moreover, our data 
provide novel therapeutic target of epigenetic regulation in the treatment of metabolic 





3.6 Figures of specific aim 2 
 
Figure 9 High-fat diet (HFD) induces myogenic gene expression in BATs. 
 (A) UCP1 mRNA levels in BATs during HFD feeding; (B) Heat map 
comparison of genes that are significantly up-regulated in brown adipose 
tissues (BATs) from chow fed mice compared to that from HFD fed mice. 
(C) mRNA levels of myogenic genes in BATs from chow and HFD fed mice. 
(D) Immunofluorescence of skeletal myosin heavy chain (Myh1) 
expression (in green) in BATs from chow and HFD fed mice. mRNA levels 
of Myod1(E), Myog (F) and Myh1 (G) in BATs during HFD feeding; (H) and 
(I) correlation of UCP1 and myogenic genes including Myod1, Myog and 






Figure 10 Brown specific-DNMT1 deficiency up-regulates myogenic genes 
and down-regulates brown-selective genes in brown adipocytes. 
 (A) Heat map comparison of genes that are significantly up-regulated in 
DNMT1-deficient BAT relative to the control. mRNA levels of myogenic 
genes (B) and Brown-specific genes (C) in brown adipose tissues from 
female chow diet-fed control and DNMT1 KO mice. Mean ± SEM. n=8. 
*p<0.05. (D) UCP1 protein levels in BAT. Mean ± SEM. *p<0.05. (E) 
Immunohistochemistry for UCP1 in BAT from female chow diet-fed 
control and DNMT1 KO mice. (F) Immunofluorescence of skeletal myosin 
heavy chain (Myh1) expression (in green) in BATs from CONTROL and 
DNMT1 KO mice. (G) mRNA levels of myogenic genes and  (H) Brown-
specific genes in mature brown adipocytes (BAT1 cells) with DNMT1-
siRNA or scramble-siRNA. (I) BAT1 cells with DNMT1 siRNA or scramble 
siRNA were stained with Oil-Red-O 5 days after inducing adipocyte 
differentiation. (J) Immunocytochemistry of skeletal myosin heavy chain 
(Myh1) expression in differentiated BAT1 cells with DNMT1 siRNA or 
scramble siRNA. Myh1 fluorescence in red; DAPI fluorescence in blue. 





Figure 11 DNMT1 KO in BAT reduces thermogenesis in BAT and reduces 
cold tolerance. 
 (A) Whole body temperature in male chow diet-fed control and DNMT1 
KO mice exposed to the cold environment. Mean ± SEM. *p<0.05. (B) Body 
temperature change of control and DNMT1 KO mice within first 2 hours 
cold exposure. Mean ± SEM. *p<0.05. (C) mRNA levels of Brown-specific 
genes and beige-selective genes in brown adipose tissues from control and 
DNMT1 KO mice exposed to the cold environment for seven days. Mean ± 
SEM. n=6. *p<0.05.  (D) UCP1 protein levels in BATs. Mean ± SEM. 
*p<0.05. (E) mRNA levels of myogenic genes in BATs from control and 
DNMT1 KO mice exposed to the cold environment for seven days. Mean ± 
SEM. n=6. *p<0.05.  (F) Hematoxylin and eosin staining of BATs from 





Figure 12 Chow fed DNMT1 KO mice display an obese phenotype. 
 (A) Body weight curves of female chow diet-fed control (DNMT1f/f) and DNMT1 KO 
mice. Mean ± SEM. n=12. *p<0.05. (B) Body composition of female control and 
DNMT1 KO mice on chow diet. Mean ± SEM. n=12. *p<0.05. (C-D) Individual fat 
depots of female control and DNMT1 KO mice on chow diet. Mean ± SEM. n=12. 
*p<0.05. **p<0.01. (E) Hematoxylin and eosin staining of brown adipose tissue (BAT), 
subcutaneous fat (SQ), and gonadal fat (Gon) from control and DNMT1 KO mice. (F) 
Oxygen consumption rate, (G) carbon dioxide production rates, (H) energy 
expenditure, (I) respiratory exchange ratio (RER), and (J) physical activity in chow 
diet-fed control and DNMT1 KO mice. Dark cycle in dark bar, light cycle in light bar. 
(K) Cumulative food intake from day 1 to day 7.   Mean ± SEM. n=4. *p<0.05. (L) 
Glucose levels and amounts of serum insulin at the fasted and fed states from chow 
diet-fed control and DNMT1 KO mice. (M) Glucose tolerance test in 22-week chow 
diet-fed mice. (N) Insulin tolerance test in 23-week chow-fed mice. Mean ± SEM. n=6. 






Figure 13 DNMT1 KO male mice display an obese phenotype 
 (A) Body weight curves of male chow diet-fed control and DNMT1 KO mice. (B) Body 
composition of female control and DNMT1 KO mice on chow diet. (C) Glucose 
tolerance test in 29-week chow diet-fed mice. (D) Insulin tolerance test in 30-week 







Figure 14 DNMT1 KO female mice display High-fat (HF) diet-induced 
obesity. 
 (A) Body weight curves of female HF diet-fed control and DNMT1 KO mice. 
(B) Body composition of female control and DNMT1 KO mice on HF diet. 
(C) Individual fat depots of female control and DNMT1 KO mice on HF diet. 
(D) Glucose levels and amounts of serum insulin from HF diet-fed control 
and DNMT1 KO mice. (E) Glucose tolerance test in 27-week chow diet-fed 
mice. (F) Insulin tolerance test in 28-week chow diet-fed mice. (G) Oxygen 
consumption rate, (H) carbon dioxide production rates, (I) energy 
expenditure, (J) respiratory exchange ratio (RER), and (K) physical 
activity in female HF diet-fed control and DNMT1 KO mice. Dark cycle in 
dark bar, light cycle in light bar. Mean ± SEM. n=8. *p<0.05, **p<0.01, n.s., 






Figure 15 DNMT1 KO male mice display high-fat (HF) diet-induced obesity. 
 (A) Body weight curves of male HF diet-fed control and DNMT1 KO mice. 
(B and C) Individual fat depots of male control and DNMT1 KO mice on HF 
diet. (D) Hematoxylin and eosin staining of brown adipose tissue (BAT), 
subcutaneous fat (SQ), and Epididymal fat (Epi) from control and DNMT1 
KO mice.  (E) Glucose tolerance test in 23-week chow diet-fed mice. (F) 
Insulin tolerance test in 24-week chow diet-fed mice. (G) Oxygen 
consumption rate, (H) carbon dioxide production rates, (I) energy 
expenditure, (J) respiratory exchange ratio (RER), and (K) physical 
activity in male HF diet-fed control and DNMT1 KO mice. Dark cycle in 
dark bar, light cycle in light bar. (L) mRNA levels of Brown-specific genes 
and white-selective genes in BATs from male HF diet-fed control and 
DNMT1 KO mice. (M) UCP1 protein levels in BAT. Mean ± SEM. n=6. 






Figure 16 DNMT1 regulates myogenesis and brown fat development by 
targeting Myod1. 
(A) UCP1 and Myod1 gene expression in brown fat development. E: 
Embryo, D: Postnatal. Mean ± SEM. n=4 *p<0.05 vs 17E; (B) UCP1 and 
Myod1 gene expression in BATs during cold exposure. n=4 *p<0.05 vs cold 
exposure day 0; (C) BAT1 preadipocytes and adipocytes were treated with 
scramble siRNA or DNMT1 (D1) siRNA. Cells were collected for a ChIP 
assay to measure DNMT1 protein binding to myod1 promotors. Different 
lower letters above the bars represent statistical significance. (D) Mature 
BAT1 cells were treated with scramble siRNA, DNMT1 siRNA, or Myod1 
siRNA. mRNA was collected to measure gene expression of UCP1, PGC1α, 
DNMT1, Myod1, Myog and Acta1. Mean ± SEM. n=6 *p<0.05 vs Scramble; 






Figure 17 DNMT1 regulates myogenic transcription factors. 
Nr4a1, Nr4a2, Nr4a3 and KLF2 gene expression in BATs during brown fat 
development (A) and cold exposure (B). E: Embryo, D: Postnatal. Mean ± SEM. In A, 
n=4 *p<0.05 vs cold exposure day 0; in B, n=4 *p<0.05 vs 17E. (C)  BAT1 
preadipocytes and adipocytes were treated with scramble siRNA or DNMT1 (D1) 
siRNA. Cells were collected for a ChIP assay to measure DNMT1 protein binding to 
promotors of Nr4a1, Nr4a2, Nr4a3 and KLF2. Different lower letters above the bars 
represent statistical significance. (D) Mature BAT1 cells were treated with scramble 
siRNA, DNMT1 siRNA, Nr4a1 siRNA, Nr4a2 siRNA, Nr4a3 siRNA, or KLF2 siRNA. 
mRNA was collected to measure gene expression of UCP1. Mean ± SEM. n=6 *p<0.05 







Figure 18 Myod1 is the target of DNMT1 regulating expression of myogenic 
genes and thermogenic genes in brown adipocytes. 
(A) Methylation levels at CpGs before and after TRANSCRIPTION START 
SITE sites of myod1 in brown adipose tissue (BAT) and skeletal muscle 
gastrocnemius (GAS). Mean ± SEM. n=4 *p<0.05. (B) mRNA levels of 
brown-selective genes and myogenic genes in BAT and GAS. Mean ± SEM. 
n=4 *p<0.05. (C) Methylation levels at CpGs before and after 
TRANSCRIPTION START SITE sites of myod1 in BAT1 preadipocytes with 
scramble siRNA and BAT1 adipocytes with scramble or DNMT1 siRNA. 
Mean ± SEM. n=4 *p<0.05 vs Preadipocyte: scramble siRNA; #p<0.05 vs 






Figure 19 DNMT1 regulates methylation levels of Myod1 promoters. 
(A) Methylation levels of CpGs at enhancer region of Myod1 in brown 
adipose tissue (BAT) and skeletal muscle gastrocnemius (GAS). Mean ± 
SEM. n=4 *p<0.05. (B) BAT1 cells were infected with lentiviruses 
expressing dCas9-Tet1 and gRNA target scramble or myod1 promoter 
region. DNA was collected to measure methylation levels of individual 





Figure 20 DNMT1 regulates myogenesis and thermogenesis in BATs 
through targeting Myod1. 
(A) BAT1 cells were infected with lentiviruses expressing dCas9-Tet1 and 
gRNA target scramble or myod1 promoter region. (B) DNA were collected 
to measure methylation levels of individual CpGs in myod1 promoters. 
Mean ± SEM. n=4 *p<0.05. (C) mRNA was collected to measure 
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Table 8 Primer sequence for Myod1 gRNA 
 Sequence (5--3) 
Myod1-sgRNA 1 F caccG AGCATTTGGGGGCATTTATGGG 
Myod1-sgRNA 1 R aaac CCCATAAATGCCCCCAAATGCT  c 
Myod1-sgRNA 2 F caccG AAGTATCCTCCTCCAGCAGCTGG 
Myod1-sgRNA 2 R aaac  CCAGCTGCTGGAGGAGGATACTT c 
Myod1-sgRNA 3 F caccG ACACAGCCAGTTGGGGGAAGGGG 
Myod1-sgRNA 3 R aaac CCCCTTCCCCCAACTGGCTGTGT c 
Myod1-sgRNA 4 F caccG CCAGAGTCAGCTGTTCCTGGG 
Myod1-sgRNA 4 R aaac CCCAGGAACAGCTGACTCTGG c 
Myod1-sgRNA 5 F caccG TAGCCAAGTGCTACCGCGTATGG 
Myod1-sgRNA 5 R aaac CCATACGCGGTAGCACTTGGCTA c 
Myod1-sgRNA 6 F caccG AGGGCGCCTGGCGCGAAGCTAGG 
Myod1-sgRNA 6 R aaac AGGGCGCCTGGCGCGAAGCTAGG c 
Myod1-sgRNA 7 F cacc GTACTGTTGGGGTTCCGGAGTGG 
Myod1-sgRNA 7 R aaac CCACTCCGGAACCCCAACAGTAC  
Myod1-sgRNA 8 F caccG TAAGACGACTCTCACGGCTTGGG 





4  SPECIFIC AIM 3 
4.1 Abstract 
  Brown adipose tissue is a thermogenic organ that burns energy substrates in the form 
of heart to defend obesity and hypothermia. Brown adipocytes derive from skeletal 
muscle cell lineage through the activation of transcription factor PR domain 
containing 16 (PRDM16). However, the precise molecular mechanism that regulates 
the determination of brown adipocytes remains unknown. Here we show that lysine-
specific demethylase 6a (KDM6a, also known as UTX) is required to activate brown 
adipose tissue. Mice with brown adipocyte-specific deletion of UTX become cold 
sensitive, and develop obesity and insulin resistance in response to high fat diet 
feeding. As an active epigenetic regulator, UTX deletion reduces brown-specific genes 
including uncoupling protein 1 (UCP1) and PR domain containing 16 (PRDM16) in 
brown adipocyte. Importantly, brown adipocyte-specific deletion of UTX not only 
inhibits brown fat-thermogenesis but also switches cell fate towards skeletal muscle-
like cells, since UTX deletion increases key myogenic transcription factor genes 
including Myod1, Myog, myosin heavy chain (Myh1) and creatine kinase muscle 
(CKM). UTX prevents skeletal muscle cell determination by up-regulating brown-fat 
transcriptional factor PRDM16, which recruits DNA methyltransferase 1 (DNMT1) to 
the promoter of the myocyte-specific transcriptional factor Myod1. DNMT1 increases 
DNA methylation levels at Myod1 promoter and represses Myod1 gene transcription. 
Myod1 is required for myoblast specification. Elevated levels of Myod1 activate its 




our results suggest an epigenetic mechanism by which alleviation of obesity-related 
brown adipocyte dysfunction through UTX-PRDM16-DNMT1-Myod1 pathway 
inhibits skeletal muscle cell determination and promotes brown adipocyte 
determination.                
 
4.2 Introduction 
  There is cooperation between DNA methylation and histone methylation (Cedar and 
Bergman, 2009, Zhou et al., 2018). DNA methylation blocks other epigenetic 
modulators binding to specific histone residues and prevent the histone modifications 
by these epigenetic modulators. For example, lysine demethylase 2A (KDM2A) only 
binds to tri-methylated H3K9 when the DNA is not methylated. Both histone 
methylation and DNA methylation are stable modification and play important roles in 
epigenetic modification of gene expression. Unlike histone acetylation, histone 
methylation does not directly regulate positively charged histone tails. Histone 
methylation mediates both gene silence and activation depending on specific histone 
residues modified and degree of methylation. For example, histone H3 lysine 27 
(H3K27) methylated by EZH2 (Li et al., 2016) and H3K9 methylated by SUV39H1 
(Peters et al., 2001) are repressive histone marks which repress gene transcription. 
H3K4 methylated by SET1 and H3K36 methylated by SET2 are histone activating 
marks which activate gene expression (Keogh et al., 2005, Kim and Buratowski, 2009). 
The enrichment of different histone methylation at UCP1 promoter region mediates 




at UCP1 promoter in white fat lead to UCP1 gene repression (Kiskinis et al., 2007). 
Whereas increased H3K4me3 at UCP1 promoter in BAT leads to UCP1 gene activation 
in BAT (Shore et al., 2010).  
  We previously found that β adrenergic stimuli decreased the enrichment of H3K27 
me3 in UCP1 promoter in differentiated brown adipocytes (Zha et al., 2016). 
Ubiquitously transcribed tetratricopeptide repeat X chromosome (UTX) is a histone 
demethylase that demethylates di- or tri-methylated histone H3 lysine 27 
(H3K27me2/3) (Rath et al., 2018). Knockdown of UTX increases the enrichment of 
H3K27me3 at UCP1 promoter and leads to a decrease in the UCP1 gene expression in 
cultured brown adipocytes (Zha et al., 2015). However, it is unknown how UTX 
regulates brown fat thermogenesis and whole body energy homeostasis.  
  In this study, we identify UTX as an important epigenetic target in regulating the 
brown fat reprogram during obesity. Using Cre/lox recombination system, we 
specifically deleted UTX in mature brown adipocyte (UTXf/f-UCP1-Cre+/-). We 
demonstrated that brown adipocyte-specific UTX deficiency repressed transcription 
of brown adipocyte-specific genes through regulating the methylation status of H3K27 
on promoters of UCP1 and PRDM16. In contrast, brown adipocyte-specific UTX 
deficiency activated transcription of myogenic genes in brown adipose tissues. Overall, 
our data suggest that histone methylation plays an important role in brown adipocyte 
thermogenesis, and UTX may be an important regulator during this process. 
Understanding the role of UTX in brown adipocyte function and insulin sensitivity will 





4.3 Materials and methods 
4.3.1 Mice 
  Brown adipocyte-specific UTX knockout mice were generated by crossing UTX-
floxed mice (JAX stock #021926) with UCP1-Cre mice. The UTX-floxed mice were 
generated by inserting two loxP sites on both sides of exon 3 of UTX (Welstead et al., 
2012). C57BL/6J (B6) mice (Jackson Laboratories) were used in some experiments. 
All mice were fed chow diet (LabDiet 5001, fat content 13.5% by calorie) or HF diet 
(D12492, 60% calories from fat, Research Diets Inc.). All mice were housed with a 
12/12 h light–dark cycle in temperature- and humidity-controlled rooms with free 
access to water and food. To study the role of UTX in thermogenic activity of brown 
adipocytes, 8-week old mice were exposed to cold condition (5°C) up to seven days. 
Body temperature was monitored during cold exposure. After cold exposure, mice 
were sacrificed. Brown adipose tissues and white adipose tissues were harvested for 
measuring gene expression or protein levels. All aspects of animal care were approved 
by Georgia State University’s Animal Care and Use Committee.  
4.3.2 small interfering RNA (siRNA) transfection  
  The ON-TARGET plus mouse UTX siRNA-SMART pool (L-042844-01-0005), and 
PRDM16 siRNA-SMART pool (L-041318-01-0005) were purchased from GE 
Healthcare. The overexpressing plasmid of mouse PRDM16 was obtained from 
Addgene (Plasmid #15504) (Kajimura et al., 2008, Gupta et al., 2010). The 




Amaxa Nucleofector II Electroporator (Lonza) using Amaxa cell line nucleofector kit 
L according to the manufacturer's instructions (Lonza). Briefly, at days 4–6 of 
differentiation, cells (2 × 106 cells/sample) were trypsinized and centrifuged at 90 × g 
for 5 min at room temperature. The cell pellet was resuspended in nucleofector 
solution (100 μl/sample) with 2 μg of plasmid DNA or 20 pmol of siRNA and seeded 
into 24-well plates. Cells were treated with isoproterenol two days after transfection. 
4.3.3 RNA sequencing  
  Total RNA was isolated from brown adipose tissues (BATs) of chow-fed UTX KO and 
CONTROL mice as noted above. Subsequently, total RNA was treated with RNase-free 
DNase I to remove residual DNA. mRNA was purified from 2 μg of total RNA using 
beads containing oligo (dT). mRNA Libraries were prepared according to the 
Illumina’s protocol as previously described (Peng et al., 2012, Ren et al., 2012). 
Sequencing was performed on the Illumina-HiSeq2000. RNA sequencing data were 
aligned using TopHat. Clean reads were aligned to the reference genome (UCSC mm9) 
and transcriptome using SOAP2. Gene sets were considered to have a difference in 
expression with a fold change of 1.5 or greater, and FDR<0.001. 
4.3.4 Metabolic measurements, Histological analysis, molecular analysis 
and Statistical Analysis 
All metabolic phenotyping, the histological analysis including HE staining, IF and IHC, 
and molecular analysis including ChIP, real-time PCR, Immunoblotting and Bisulfite 
conversion/pyrosequencing, and Statistical Analysis were performed as described in 






4.4.1 BAT-specific UTX deletion reprograms brown fat to a muscle-like 
phenotype and reduces BAT thermogenic function 
  We previously reported that UTX knockdown reduces mRNA levels of brown specific 
genes including UCP1, while overexpression of UTX does the opposite in cultured 
brown adipocyte cell lines (BAT1 cells) (Zha et al., 2015). However, it remains 
unknown whether UTX regulates BAT thermogenic function and whole body energy 
homeostasis in vivo. We first measured the UTX expression pattern in brown and 
white adipose tissues. As expected, UTX was highly expressed in BAT, but its 
expression in subcutaneous WAT (SQ) and epididymal WAT (EPI) was low in adult 
mice housed at ambient temperature (Fig. 21A). In additional, cold stress stimulated 
UTX gene expression in BAT (Fig. 21B). We then analyzed UTX KO mice, which we 
created by breeding UTXfl/fl mice with UCP1-Cre mice, leading to UTX deletion in 
BAT. UTX mRNA was 88% lower in BAT of UTX KO mice compared with that of fl/fl 
mice (Fig. 21C).  
  We compared gene expression in BATs between UTX KO and CONTROL mice by 
using RNA sequencing. We identified 254 upregulated genes in BATs from UTX KO 
mice compared to that of control mice fed HF diet for three months. To our surprise, 
among the upregulated genes, most of them are involved in skeletal myogenesis such 
as Myod1, CKM (creatine kinase, muscle), Myh1 (myosin heavy polypeptide 1), Myh4, 




(Myog) (Fig. 21D). This finding was confirmed when real-time PCR was performed 
(Fig. 21E-F). UTX deletion increased myogenic gene expression in brown adipocytes 
of mice fed either HF diet (Fig. 21E) or chow diet (Fig. 21F). Similar to increased 
mRNA levels of myogenic genes, increase in Myh1 protein was observed in BAT of UTX 
KO mice (Fig. 21G). In contrast to this increase, we observed a decrease in brown 
thermogenic gene expression in BATs of UTX KO mice including UCP1, CPT1B, PR 
domain-containing protein 16 (PRDM16), PGC1α, PGC1β, otopetrin 1 (OTOP1), cell 
death-inducing DFFA-like effector a (CIDEA), cytochrome c oxidase 1 (COX1), DIO2 
and PPARγ (Fig. 21H). These data strongly suggested that loss of UTX switches brown 
thermogenesis to myogenesis leading to dysfunctional BAT.  
4.4.2 BAT-specific UTX deletion impairs cold-induced thermogenesis 
  As shown above, UTX deletion remodeled brown adipocytes to a skeletal muscle-like 
phenotype, leading to BAT dysfunction. This finding was confirmed when we 
determined the cold sensitivity in UTX KO mice. Considering that Cold stress 
amplifies the need for UCP1-mediated thermogenesis, we placed UTX KO mice and 
fl/fl mice under cold condition (5 °C) for up to seven days. In contrast to similar mRNA 
levels (data not shown), UCP1 protein in BAT was significantly decreased in UTX KO 
mice compared to fl/fl mice under cold condition (Fig. 22A). In contrast, UTX deletion 
in BAT significantly stimulated transcription of myogenic genes including Myod1, 
Myog, CKM, Myh1 and Myh4 in BAT of mice housed at RT (Fig. 22B) or cold condition 
(Fig. 22C). These data demonstrated that UTX deletion impaired cold-induced brown 




4.4.3 Mice with BAT-specific UTX deletion are prone to diet-induced 
obesity and metabolic disorders. 
  To further investigate the importance of UTX in the regulation of brown fat 
thermogenic function and its consequences on whole body metabolism, BAT-specific 
UTX KO and fl/fl mice were fed either chow or high-fat diet (HFD) at ambient 
temperature. Similar body weight was observed between male UTX KO and fl/fl mice 
fed chow diet (Fig. 23A). However, male UTX KO mice exhibited lower percentage of 
lean mass and higher percentage of fat mass (Fig. 23B) which was primarily due to 
increased BAT and WAT depots (Fig. 23C). Morphology analysis showed enlarged 
adipocytes in BAT and WAT of UTX KO mice compared to that of fl/fl mice (Fig. 23D). 
Similar results were observed in HFD-fed mice. Male BAT-specific UTX KO mice were 
more obese than fl/fl mice after four weeks of HF diet feeding (Fig. 23E). Mice with 
UTX deletion had higher percentage of fat mass and lower percentage of lean mass 
compared with fl/fl mice (Fig. 23F). In addition, BAT and SQ WAT of UTX KO mice 
had increased mass (Fig. 23G) and contained larger lipid droplets in adipocytes than 
that of fl/fl mice (Fig. 23H). These data indicate that brown fat UTX is important in 
regulating energy homeostasis during diet-induced obesity. On the other hand, female 
BAT-specific UTX KO mice did not display significant obesity phenotype on HFD 
compared to fl/fl littermates (data not shown). 
  The importance of UTX on regulating brown fat thermogenic activity was further 
determined by measuring whole body metabolic rate using the TSE PhenoMaster 




fed HFD exhibited decreased oxygen consumption, CO2 production and energy 
expenditure (Fig. 24A-C). There was no change in physical activity (Fig. 24D) and food 
intake (Fig. 24E) between UTX KO and fl/fl mice. These data show that obesity 
phenotype observed in BAT-specific UTX deletion is primarily due to decreased energy 
expenditure, possibly due to dysfunctional brown fat, but not due to changes in 
physical activity or food intake. 
  Consistent with increased body weight and decreased whole-body energy 
expenditure, BAT-specific UTX KO mice also developed insulin resistance. At 5-month 
age, HFD-fed male UTX KO mice exhibited increased fasting blood glucose and serum 
insulin levels, whereas there was no difference in glucose and insulin levels in UTX KO 
mice under fed condition compared to their respective fl/fl mice (Fig. 25A). Mice with 
BAT-specific UTX deletion also exhibited severe glucose intolerance and insulin 
resistance (Fig. 25B and C). Consistent data were shown in chow-diet fed mice. When 
fed chow diet, UTX KO mice had increased blood glucose under both fasted and fed 
condition, and increased serum insulin level under fed condition compared to fl/fl 
mice (Fig. 25D). In addition, BAT-specific UTX KO mice displayed mild glucose 
intolerance when compared to fl/fl mice (Fig. 25E). The increased blood glucose level 
in UTX KO mice was due to insulin resistance but not any impairment in glucose-
induced insulin secretion, as serum insulin level was significantly higher in KO mice 
10 minutes after glucose injection during a GTT test than that of fl/fl mice (Fig. 25F). 
These results indicate that UTX deletion in brown fat improves diet-induced obesity 




4.4.4 UTX regulates BAT/skeletal muscle programming via targeting 
PRDM16 and Myod1. 
  Since UTX catalyzes demethylation of H3K27me3, we asked whether UTX deletion 
alters methylation status of brown fat marker genes. As expected, ChIP-PCR analysis 
showed that UTX knockdown dramatically increased the enrichment of H3K27me3 at 
UCP1 enhancer region in cultured brown adipocytes (BAT1 cells) treated with 
isoproterenol (Fig. 26A). This may contribute to the decrease in UCP1 gene 
transcription in brown adipocytes of UTX KO mice. We identified 1053 down-
regulated genes in BAT of the BAT-specific UTX KO mice by using RNA sequencing 
(data are not shown). Among these down-regulated genes, there are several brown 
specific marker genes including PRDM16, which was further confirmed by using real-
time PCR (Fig. 21H). In addition, we found that isoproterenol treatment reduced the 
enrichment of H3K27me3 at PRDM16 proximal promoter, which was reversed by UTX 
knockdown in BAT1 cells (Fig. 26B). These data suggest that UTX may directly regulate 
the expression of brown specific genes through modifying histone methylation status 
on these genes, including PRDM16.  
  In contrast to decreased mRNA levels of brown specific genes, increased mRNA levels 
of myogenic genes were observed (Fig. 21) in brown adipocytes of UTX KO mice. This 
suggests that UTX might indirectly regulate myogenic gene expression. Considering 
the cooperation between histone methylation and DNA methylation,, and the 
phenotypic similarity between BAT-specific UTX and DNMT1 KO mice, we then 




contains N-terminal PR domain, zinc-fingers and other sites that are essential for 
protein-protein interaction. PRDM16 recruits transcriptional factors such as PGC1α 
and CEBPβ to UCP1 gene promoters, which activates UCP1 gene expression. It is 
reported that PRDM16 deficiency in brown preadipocytes promotes muscle like 
differentiation, whereas ectopic expression of PRDM16 in myoblasts converts 
myoblasts to brown adipocytes (Seale et al., 2007, Seale et al., 2008, Seale et al., 2011). 
These findings suggest that PRDM16 plays an important role in determining cell fate 
switching between brown adipocytes and skeletal muscle cells. It is recently reported 
that PRDM16 increases DNA methylation levels of Myod1 gene. However, the specific 
upstream and downstream regulators of PRDM16 remains to be investigated in brown 
adipocyte thermogenesis program. In our experiments, we found that DNMT1 KO and 
UTX KO mice exhibited a similar physiological response to cold stress and over 
nutrition supplement. This suggests that there might be cross-talk between UTX and 
DNMT1 in the regulation of cell fat switching between brown adipocytes and skeletal 
muscle cells. We asked whether PRDM16 is the important key linking UTX and 
DNMT1 to Myod1 promoter. We found that PRDM16 knockdown reduced the binding 
of DNMT1 at Myod1 promoter (Fig. 27A). Isoproterenol treatment dramatically 
increased DNMT1 binding to Myod1 promoter, which was reduced by PRDM16 
knockdown (Fig. 27A). In addition, ectopic expression of PRDM16 significantly 
increased DNA methylation levels at Myod1 promoter (Fig. 27B and C). Together, 
these data indicate that in BAT under normal condition, UTX expression results in 




promoter. PRDM16 in turn recruits DNMT1 to myod1 gene and inhibit myod1 gene 
expression.  Whereas in obese status, reduced UTX expression leads to reduced 
PRDM16 expression. This will result in decreased DNMT1 binding to Myod1 promoter, 
leading to increased Myod1 expression, which may contribute to BAT-skeletal muscle 
switch in obesity. 
 
4.5 Discussion of specific aim 3 
  Based on the function of brown adipose tissue (BAT) on energy expenditure, BAT 
thermogenesis is considered as a potential treatment strategy for metabolic diseases 
such as obesity and type 2 diabetes (Seale et al., 2007, Rajakumari et al., 2013, Zou et 
al., 2017). Interestingly, we find that UTX is abundantly expressed in BAT compared 
to WATs. We previously identified the important role of UTX in the regulation of 
brown specific gene expression in cultured brown adipocytes (Zha et al., 2015). 
However, it is still unknown whether brown fat UTX regulates cold or high-fat diet 
(HFD)-induced thermogenesis in animal models. High-fat diet induces 1) brown fat 
thermogenesis (Feldmann et al., 2009, Jun et al., 2014) and 2) increases circulating 
energy substrates including free fatty acids, TGs and glucose (Fu et al., 2015a, b). 
Obesity and insulin resistance occurs when the increase in brown fat activity cannot 
compensate for the increase in circulating energy substrates including FFAs, TG and 
glucose (Bartelt et al., 2011). Moreover, we previously found that prolonged HFD 
feeding leads to switch of cell fate towards skeletal muscle cells in BAT, which causes 




induced BAT dysfunction, insulin resistance and obesity. Elevated blood glucose levels 
are observed in UTX KO mice compared to their control littermates. Insulin resistance 
and glucose intolerance are consequently observed in BAT-specific UTX deficient mice 
fed a HFD. In addition, brown fat UTX deletion decreases brown thermogenesis based 
on the observations as followed: 1) downregulation of brown specific gene expression 
and 2) white-like unilocular adipocytes in BAT of UTX KO mice. BAT dysfunction 
contributes to HFD-induced obesity and insulin resistance (Lowell et al., 1993). Thus, 
our date suggests that UTX deletion exacerbates HFD-induced obesity and insulin 
resistance through reducing brown adipocyte function.   
  Cold exposure activates the thermogenic function of brown adipocytes (Seale et al., 
2008, Ishibashi and Seale, 2010, Wu et al., 2012). Here, we find that UTX gene 
expression is upregulated by cold stress in both BAT and WAT (epi), which is 
consistent with our previous finding (Zha et al., 2015). UTX deficiency downregulated 
cold-induced brown fat-specific gene expression including UCP1 and PRDM16 in BATs. 
Thus, these data further confirm the importance of UTX in the regulation of brown fat 
thermogenesis (Zha et al., 2015). Two types of brown adipocytes exist: classical brown 
adipocytes in BATs and beige cells (brown-like) in WATs induced by β adrenergic 
agonist or cold stress (Seale et al., 2008, Ishibashi and Seale, 2010, Wu et al., 2012). 
Although brown and beige adipocytes exhibit similar morphology and UCP1 
expression, each cell has distinct cell lineage origins. Classical brown adipocytes and 
skeletal muscle cells derive from common myogenic factor 5 (Myf5)-expressing 




adipocytes are derived from a smooth muscle-like origin (Wang et al., 2013b, Long et 
al., 2014, Berry et al., 2016). In present studies, we focus on brown adipose tissues and 
brown fat cell line (BAT1) as in vivo and in vitro models to study the molecular 
mechanism regulating BAT and skeletal muscle switch. It is currently unknown 
whether UTX also regulates beige beige adipocyte function similarly to its role in 
brown adipocytes. Further studies are required to study the role of UTX in regulating 
beige adipocyte function.  
  Histone methylation is an epigenetic mechanism that mediates both gene silence and 
gene activation depending on which lysine or arginine residues are modified (Zhang 
and Reinberg, 2001, Ge, 2012). For example, H3 lysine 4 (H3K4me3) is a histone 
transcriptional activation mark (Benayoun et al., 2014), whereas H3K27me3 is a 
histone transcriptional repression mark (Li et al., 2016). Histone methylation is 
regulated by balanced action of histone methyltransferase and demethylases. For 
example, UTX is a histone demethylase that targets H3K27me2 and H3K27me3 (Zha 
et al., 2015). Here, we focus on brown specific mark PRDM16, because it is one of the 
major transcription factors required for brown adipocyte differentiation. As expected, 
we find that UTX regulates the enrichment of H3K27me3 at PRDM16 promoter. 
Indeed, deletion of UTX increases enrichment of H3K27me3 at PRMD16 gene and 
inhibits its gene transcription. Thus, our data indicate that UTX promotes PRDM16 
gene expression through catalyzing demethylation of H3K27me3 on PRDM16 
promoter. Indeed, we find that loss of UTX also increased enrichment of H3K27me3 




H3K27me3 demethylation at other BAT-specific gene promoters to regulate relative 
gene expression. Further studies are required to study UTX-targeted pathways in BAT 
using ChIP-sequencing analysis with antibodies against UTX or H3K27me3, which 
allows us to identify other UTX-targeted pathways in regulating brown adipocyte 
function.   
  All cells share the same genome, but each has distinct transcriptional profiles which 
determine cell fate in different organs. Brown adipocyte and skeletal muscle cell derive 
from same lineage origin (Yin et al., 2013). Brown adipocyte activation is under control 
of transcriptional factors. For example, transcriptional factors including PRDM16 and 
Myod1 function as reciprocal switches to regulate cell lineage determination between 
brown adipogenesis and myogenesis. PRDM16 promotes brown adipocyte 
determination (Seale et al., 2008, Becerril et al., 2013, Ishibashi and Seale, 2015), 
whereas Myod1 promotes skeletal muscle cell determination (Liu et al., 2013, Yin et 
al., 2013, Wang et al., 2017). Recent studies discover the important role of epigenetic 
modification in the regulation of satellite cell differentiation to skeletal muscle cells 
(Tosic et al., 2018). However, epigenetic mechanisms regulating cell fate switch 
between brown adipocyte and skeletal muscle cell determination in brown adipose 
tissue are not yet fully understood. Interestingly, we find that UTX deletion promotes 
myogenic gene expression such as Myod1, Myh1 and Myog in brown adipocytes. Thus, 
our data suggest that UTX deletion may impair brown fat thermogenesis through 
promoting skeletal muscle cell determination in BAT. Indeed, RNA-seq analysis 




involved in skeletal muscle cell differentiation. Moreover, HFD induces a similar 
skeletal muscle gene expression pattern in BAT, which is further increased by brown 
fat deletion of UTX. Thus, our data suggest that UTX deletion leads to classical brown 
fat remodeling, which may be a maladaptive mechanism that contributes to obesity 
and insulin resistance. However, it should also be noted that UTX might also target 
other biological process to regulate BAT function. For example, we find that at the 
early stage of HFD feeding (12 weeks), UTX deletion impairs BAT function by inducing 
transcription of skeletal myocyte maker genes. Whereas at the late stage of HF feeding 
(24 weeks), UTX deletion further enhances the HFD-mediated increase in immune 
cell marker genes (RNA-seq analysis, data not shown), indicating that UTX deficiency 
in BAT may also cause immune cell infiltration into BAT that may further lead to BAT 
dysfunction. Additional studies are needed to determine the role of UTX in the 
regulation of HFD-induced inflammation in BAT.  
  As an active epigenetic regulator, UTX may not directly regulate key myogenic 
transcription factor genes in BAT. Here, we find that BAT-specific DNMT1 deficient 
mice and BAT-specific UTX deficient mice display similar metabolic phenotypes based 
on our observations, as they both developed: 1) obesity, 2) insulin resistance, 3) cold 
sensitivity, 4) brown adipocyte remodeling to skeletal muscle-like cells. Our data 
suggest the presence of a possible cross-talk between UTX and DNMT1. It is reported 
that ectopic expression of PRDM16 significantly increase Myod1 DNA methylation 
levels and inhibit Myod1 gene expression in differentiated satellite cells (Li et al., 2015). 




find that PRDM16 knockdown reduces binding of DNA methyltransferase DNMT1 to 
Myod1 promoter. Thus, our data suggest that PRDM16 may indirectly regulate Mydod1 
DNA methylation through cooperating with DNMT1. Additional study using co-IP is 
needed to determine whether PRDM16 protein cooperates with DNMT1 to regulate 
Myod1 expression in brown adipocytes. In the current study, we examined the binding 
of DNMT1 in Myod1 promoter. It is unclear whether DNMT3A or DNMT3B are also 
involved in the regulation of Myod1 DNA methylation levels. Additional studies such 
as ChIP assay are needed to determine whether PRDM16 recruits DNMT3A or 
DNMT3B to bind to Myod1 promoters and regulate its DNA methylation. Taken 
together, our results demonstrate that DNA methylation and histone methylation 
cooperate and regulate gene transcription (Cedar and Bergman, 2009, Zhou et al., 
2018). 
  In summary, we have identified UTX as a positive regulator of brown adipocyte 
thermogenesis. UTX is abundantly expressed in BAT and upregulated by β adrenergic 
activation in BAT. Brown fat deletion of UTX prevents brown thermogenic gene 
expression, whereas promotes skeletal muscle-specific gene expression. In addition, 
we find that UTX increases brown thermogenic gene PRDM16 expression through 
demethylation of H3K27me3 at PRDM16 promoter. PRDM16 in turn recruits DNA 
methyltransferase DNMT1 to Myod1 promoter to increase Myod1 DNA methylation 
levels and inhibit its gene expression. This UTX-PRDM16-DNMT1-Myod1 pathway 
contributes to the maintenance of brown adipocyte thermogenic pathway and the 




display obese and insulin resistance on a HFD, including increased body weight and 
fat mass, dysfunctional BAT and decreased energy expenditure. Thus, our data 
demonstrate that UTX positively regulates brown adipocyte thermogenesis through 
directly inducing brown specific gene PRDM16 and indirectly cooperating with 
DNMT1 to repress myogenic gene expression including Myod1. Our findings not only 
bring new insight into epigenetic regulation of brown adipose tissue function but also 








4.6 Figures of specific aim 3 
 
Figure 21 Brown specific-UTX deficiency up-regulates myogenic genes and 
down-regulates brown-selective genes in brown adipocytes. 
 (A) UTX mRNA levels in brown adipose tissues (BATs), subcutaneous (SQ) 
and epididymal (EPI) WAT from C57BL/6J (B6) mice fed chow; (B) UTX 
mRNA levels in BATs and EPI of mice housed at room temperature (RT) 
or under cold condition for seven days. (C) UTX mRNA levels in BATs of 
UTXf and UTXf-UCP1-Cre+/- mice. (D) Heat map comparison of genes that 
are significantly up-regulated in UTX-deficient BAT compared to the 
control in HF diet-fed mice. mRNA levels of myogenic genes in BATs from 
UTX KO and CONTROL mice fed HF (E) or Chow diet (F). (G) 
Immunocytochemistry of skeletal myosin heavy chain (Myh1) expression 
in BATs from UTX KO and CONTROL mice fed chow diet. Myh1 
fluorescence in green; mRNA levels of Brown-specific genes (H) in BATs 







Figure 22 UTX KO in BAT reduces cold-induced thermogenesis in BATs. 
(A) UCP1 protein levels in BATs from control and UTX KO mice exposed 
to the cold environment for seven days. Mean ± SEM. (B) mRNA levels of 
myogenic genes in BATs from control mice housed at room temperature 
(RT) or exposed to the cold environment for seven days. (C-D) mRNA 
levels of myogenic genes in BATs from control and UTX KO mice housed 
at room temperature (RT) (C) or exposed to the cold environment (D) for 





Figure 23 UTX KO mice display obese phenotype. 
(A) Body weight curves of male chow diet-fed control (UTX1f/f) and UTX 
KO mice; (B) Body composition of male control and UTX KO mice on chow 
diet. Mean ± SEM; (C) Individual fat depots of male control and UTX KO 
mice on chow diet; (D) Hematoxylin and eosin staining of brown adipose 
tissue (BAT), subcutaneous fat (SQ), and epididymal (EPI) from control 
and UTX KO mice fed chow diet. (E) Body weight curves and image of male 
HF diet-fed control (UTX1f/f) and UTX KO mice; (F) Body composition of 
male control and UTX KO mice on HF diet. (G) Individual fat depots of 
male control and UTX KO mice on HF diet; (H) Hematoxylin and eosin 
staining of BAT, SQ, and EPI from control and UTX KO mice fed HF diet. 
Data are expressed as Mean ± SEM. n=7 for HF diet-fed mice, and n=9 for 







Figure 24 Low metabolic respiration in UTX KO mice. 
(A) Oxygen consumption rate, (B) carbon dioxide production rates, (C) 
energy expenditure, (D) respiratory exchange ratio (RER), (E) physical 
activity in HF diet-fed control and UTX KO mice. Dark cycle in dark bar, 







Figure 25 UTX KO mice display insulin resistance. 
(A) Glucose levels and amounts of serum insulin at the fasted and fed 
states from control and UTX KO mice fed HF diet. (B) Glucose tolerance 
test in 21-week HF diet-fed mice. (C) Insulin tolerance test in 22-week HF 
diet-fed mice. Data are expressed as Mean ± SEM. n=7. *p<0.05. (D) 
Glucose levels and amounts of serum insulin at the fasted and fed states 
from control and UTX KO mice fed chow. (E) Glucose tolerance test in 16-
week chow diet-fed mice. (F) Glucose levels and amounts of serum insulin 
10 min after i.p. injection of 0.75g/kg glucose; Data are expressed as Mean 






Figure 26 UTX siRNA increased enrichment of H3K27me3 in promoters 
of PRDM16 and UCP1. 
H3K27me3 levels in UCP1 enhancer region (A) and PRDM16 promoter (B) 
in BAT1 cells. Differentiated BAT1 brown adipocytes were transfected with 
scramble or UTX siRNA. Two days later, cells were treated with or without 
isoproterenol (Isop; 1 μM) for 3 h, and a ChIP assay was performed as 
described under “Materials and Methods.” Data are expressed as mean ± 
SEM; n = 4. Different letters above bars represent statistical significance 






Figure 27 Methylation levels of Myod1 promoters were regulated by UTX 
and PRDM16. 
(A) Differentiated BAT1 brown adipocytes were transfected with scramble 
or PRDM16 siRNA. Then cells were treated with PBS or Isoproterenol for 
3 hours.  Cells were collected for a ChIP assay to measure DNMT1 protein 
binding to myod1 promotors. Different lower letters above the bars 
represent statistical significance. (B and C) Differentiated BAT1 brown 
adipocytes were transfected with pSPORT6- or pSPORT6-PRMD16-
overexpressing plasmids DNA was isolated from BAT1 cells and 
methylation levels in proximal promoters near TSS and DMRs about 25kb 
upstream of TSS of Myod1 were measured as described under “Materials 




5  GENERAL DISCUSSION 
 
  Obesity epidemic is associated with increased risks for type 2 diabetes, hypertension, 
hyperlipidemia and other metabolic diseases. Obesity and its related metabolic 
diseases are associated by BAT dysfunction, suggesting that activating BAT function 
may be an effective therapy for treating obesity. However, the molecular mechanisms 
contributing to BAT dysfunction that occurs with high fat diet (HFD)-induced obesity 
are not clear. The goal of this dissertation was to test our overarching hypothesis that 
epigenetic modification in brown adipocytes regulates energy homeostasis and obesity 
development. Specially, my dissertation asked the following questions: 1) what is the 
function of Histone Deacetylase 1 (HDAC1) in regulating thermogenic program in 
brown adipocytes? 2) Does DNA methyltransferase 1 (DNMT1) regulate brown fat 
reprogramming and whole-body energy homeostasis in obesity? 3) Does lysine 
demethylase 6A (UTX) regulate brown fat reprograming and whole-body energy 
homeostasis in obesity? Here, we used mouse models and cultured brown adipocyte 
cell lines (BAT1) to elucidate the significance of epigenetic regulators (HDAC1, DNMT1 
and UTX) in brown adipocyte thermogenesis. Our findings further support the newly 
emerging research area that epigenetic modification plays an important role in brown 
adipocyte function and energy homeostasis (Ohno et al., 2013, Pan et al., 2015, Lin 





1). HDAC1 negatively regulates brown adipocyte thermogenesis via 
directly regulating H3K27 deacetylation and indirectly regulating H3K27 
methylation 
  Chromatin organization is dynamically regulated by histone modifications, most of 
which are acetylation and methylation at lysine residues of histone tails (Bannister and 
Kouzarides, 2011). Increased acetylation is associated with gene activation, whereas 
decreased acetylation is associated with gene repression (Maunakea et al., 2010). 
HDAC1 is a histone deacetylase that removes the acetyl group from lysine in the amino 
termini of histone. Here, we demonstrate that the mRNA and protein levels of HDAC1 
are lower in mice brown compared to white adipose tissues. In brown adipose tissue, 
the reduced levels of HDAC1 are also observed during β3-adrenergic stimulation and 
during brown adipocyte differentiation. HDAC1 deletion in brown adipocytes induces 
transcription of brown thermogenic genes, including uncoupling protein 1 (UCP1) and 
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC1α). This 
effect is concurrent with an increase in acetylation at lysine 27 of histone H3 (H3K27) 
and a decrease in H3K27 methylation at brown thermogenic gene locus though 
interacting with demethylase UTX, and polycomb repressive complexes, including 
EZH2, SUZ12 and RNF2, which together are indicative of increased thermogenic gene 
expression. These findings identify histone deacetylase HDAC1 as a negative regulator 
of brown thermogenic genes, suggesting that HDAC1 may be a novel therapeutic target 




2). DNA methyltransferase 1 (DNMT1) mediates brown fat 
reprogramming and regulates whole-body energy homeostasis in obesity.   
  HDAC1 cooperates with enzymes related to DNA methylation (Russo et al., 2013), 
which is another epigenetic modification that regulates gene transcription (Kiskinis et 
al., 2007). Our work unveils new insight about DNMT1 deletion causing classical 
brown fat remodeling to skeletal muscle-like cells, which may be a maladaptive 
mechanism contributing to obesity and insulin resistance. DNMT1 deletion prevents 
brown fat-specific gene expression; whereas promotes myogenic gene expression in 
brown adipocytes. We find that DNMT1 deficiency mice exhibit cold intolerance, 
which is due to an impairment of classical brown fat thermogenic function. 
Furthermore, loss of DNMT1 in BAT reduced energy expenditure and induced an 
obese phenotype. As a consequence, insulin resistance and glucose intolerance are 
observed in BAT-specific DNMT1 deficient mice. In addition, we find that DNMT1 
regulates brown thermogenesis through targeting Myod1, which is an important 
transcriptional factor involved in skeletal myogenesis. DNMT1 deletion in BAT down-
regulates DNA methylation of Myod1 gene and increases its gene transcription. Overall, 
DNMT1 deletion mimics high fat diet-induced reprogramming of brown fat to a 
muscle-like phenotype, which suppresses brown fat thermogenic function and results 
in obesity and metabolic disorders even in mice fed a regular chow. 
3). lysine demethylase 6A (UTX) mediates brown fat reprograming and 




  Histone methylation is also a key epigenetic modification that regulates brown fat cell 
thermogenesis (Abe et al., 2015, Zhuang et al., 2018). Here, we find that histone 
demethylase UTX is important in maintaining brown fat cell phenotype; deletion of 
UTX in BAT mimics HFD-induced reprogramming of brown fat to a muscle-like 
phenotype, suppresses brown fat thermogenic function, and results in diet-induced 
obesity and metabolic disorders. Interestingly, PRDM16 knockdown dramatically 
reduces the binding of DNMT1 to Myod1 proximal promoters, leading to an increase 
in Myod1 gene expression in brown adipocytes. This suggests that PRDM16 may be a 
key link between histone methylation and DNA methylation at Myod1 promoter to 
regulate brown adipocyte determination. Previous data suggest that lysine-specific 
demethylase KDM1a, catalyzing the demethylation of H3K9me3, promotes satellite 
cells differentiation to skeletal muscle cells (Tosic et al., 2018). Here, we demonstrated 
that the lysine-spedific demethylase KDM6a/UTX, through a pathway involving 
PRDM16-DNMT1-Myod1, maintains brown adipocyte thermogenic program and 
suppresses skeletal muscle myogenic program in BAT. 
  In summary, our experiments lead to novel findings. Firstly, HDAC1 knockdown in 
brown adipocytes increases transcription of brown fat-specific genes. HDAC1 directly 
regulates deacetylation status and indirectly regulates methylation status of UCP1 and 
PGC1α gene via recruiting polycomb repressor complexes including EZH2, SUZ12 and 
RNF2 to these genes’ promoters. Secondly, brown adipocyte DNMT1 KO mimics HFD-
induced obesity and insulin resistance, which is at least partly due to BAT dysfunction. 




determination in BAT. Myod1 is the direct target of DNMT1 in the regulation of brown 
adipocyte thermogenesis. Thirdly, brown adipocyte UTX KO mimics HFD-induced 
obesity and insulin resistance, which is also primarily due to BAT dysfunction. UTX 
deletion remodels BAT through promoting skeletal muscle cell determination in BAT. 
Myod1 is the direct target of DNMT1 in the regulation of brown adipocyte 
thermogenesis. On the one hand, UTX directly decreases the enrichment of 
H3K27me3 in PRDM16 gene promoter and promote its gene expression. In turn, 
PRDM16 recruits DNMT1 to Myod1 promoter and increase Myod1 DNA methylation 
level, which inhibits its gene expression. This pathway (UTX-PRDM16-DNMT1-
Myod1) in turn promotes brown adipocyte determination and prevents skeletal muscle 
cell determination in BAT.  
  It is undoubtable that high fat diet (HFD) triggers obesity and insulin resistance 
(Matsubara et al., 2012). Most of studies focus on diet-induced hepatic steatosis (Lee 
et al., 2013), adipose inflammation (Matsubara et al., 2012), (Birse et al., 2010) and 
muscle dysfunction (Wessels et al., 2015). However, it is not well studied how HFD 
affects brown adipocyte function. Our experiments show that short-term HFD feeding 
increases brown fat thermogenesis, which is consistent with previous studies (Kozak, 
2010, Kazak et al., 2017). Interestingly, we find that prolonged HFD feeding causes the 
reprogramming of brown adipocyte to skeletal muscle-like cell in brown adipose tissue 
(BAT), which may result in brown adipocyte dysfunction. Our finding suggests that 
BAT dysfunction may be at least in part due to prolonged HFD-induced BAT-to-




mimics HFD-induced BAT-to-muscle reprogramming in obesity. Our data highlight 
the crucial importance of DNA methylation and histone modification in brown fat 
reprogramming, which indicates that understanding the role of epigenetic 
modification in energy regulation and obesity has significant impact in developing 
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